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Figure1.1: Diagramshowing the relationshipof
the CCTTSSto otherSciDAC ISICs andkey in-
teractions.

The Centerfor ComponentTechnologyfor Terascale
SimulationSoftware(CCTTSS)is dedicatedto acceler-
atingsciencebybringinga“plug-and-play”styleof pro-
grammingto high-performancecomputing. Through
our programmingmodel called the CommonCompo-
nent Architecture(CCA) [1, 2], we can dramatically
reducethe time and effort requiredto composeinde-
pendentlycreatedsoftwarelibraries into new terascale
applications. We have two major early-adoptersof
our technologyin the applicationareasof combustion
andquantumchemistry. A third applicationgroup,the
CommunityClimateSystemModel, hasCCA-enabled
prototypesandareplanningto adoptthe CCA. By de-
sign, the customersacrificesalmost no performance
whenusingCCA components.Moreover, components
that arewritten in variouslanguages,suchasFortran,
C++,andPython,all work togethertransparently.

The CCTTSScenterwas formedaroundthe grass
rootsCommonComponentArchitecture(CCA) Forum,
alreadyin existencefor threeyearsprior to the startof the SciDAC initiative. The purposeof the CCA
andthe toolsprovided by theCCTTSSis to bring thesoftwarecomponentparadigmto high-performance
computing,therebyreducingbarriersto scientificsoftwarereuseandenablingscientiststo bemoreproduc-
tive whenconstructingtheir codes.This modeof programmingis commonin industry, but washeretofore
unknown in high-performancescientificcomputing.TheCCA effort distinguishesitself from thosein the
commercialsectorbecausewe addressthechallengesassociatedwith maintaininghigh performance,work
with a broadspectrumof scientificprogramminglanguagesandcomputerarchitectures,andaim to ensure
thattheDOE investmentin legacy codesis preserved.

1.1 CCA Usagein SciDAC Applications

ThevisionbehindtheCCA specificationis to ensurethatcompositionsof compliantcomponentswill yield
truly “plug-and-play”applications.If a scientificprogrammerfollows the “rules” that arelaid out in the
CCA specification,or usesthetoolssuppliedby theCCTTSS,thentheresultingcomponentis guaranteedto
work with any otherthatis alsoCCA compliant.Thisparadigmenablesa fundamentalshift in thesoftware
developmentprocess.Ratherthanahandfulof ‘hero’ programmerscreatingamonolithicexecutable,many
developersanddomainexpertscancollaboratively contribute components,which can thenbe assembled
andreusedin productionscientificsimulations.

Nothing illustratesthis vision betterthan the software“facility” beingdevelopedby the SciDAC ap-
plicationcenter, A ComputationalFacility for ReactingFlow Science(CFRFS)[3], led by H. Najm. Just
asphysicallaboratoriessupplyscientificfacilities to visiting researchers,sothis facility of CCA-compliant
softwarecomponentsprovidesthebuilding blocksof combustionsimulations.As shown by thewiring di-
agramin Figure1.2, investigatorscancomposeapplicationsfrom thesetoolsandaddmorecomponentsto
prove ascientificpointor otherwiseincreasethevalueof thefacility.
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1. INTRODUCTION 3

Figure1.2: Wiring
diagramof a
component-based
combustion
application
(CFRFS),which
involves
componentsfor
chemicaland
physicalmodelsas
well asparallel
structuredadaptive
meshrefinement,
time integration,
andperformance
monitoring.

In addition to this work, CCTTSSresearchersarecollaboratingcloselywith applicationscientiststo
createmassively parallelsimulationcodesin theareasof quantumchemistryandclimatemodeling.

1.2 The CCA Model and Terminology

A CCA componentis a pieceof working software(a few subroutines,a library, evena wholeapplication),
which is packagedasa unit thatadheresto the CCA specification.Thecurrentversionof the CCA spec-
ification is availablevia [4]. We often talk aboutprogramminginterfacesin a genericsense,but the CCA
alsousesthe term interfaceto refer to domain-specificstandardsthat componentscanimplement. A key
conceptin CCA is thenotionof ports, whicharespecificinterfacesthatareexchangedwhencomponentsare
connected.Theseconnectionsarealwaysmadebetweenaprovidesport andausesport. A CCA framework
is thehostingruntimeenvironmentwherecomponentsarecreatedandmanaged.

How componentsbehaveat runtimeis differentfrom theusualbehavior of structuredor object-oriented
programming.WhenCCA componentsarecreated,they know only how to communicatewith the frame-
work. They postwhatportsthey provide,whatportsthey use,andwait. If thecomponentsareconnectedby
somethird party(typically theuser, througha GUI or script),andcommandsareinvokedon themthrough
their providesports, the componentsacquirewhatever usesports they previously posted(if any), service
thecommand,andreturn.Hence,eachcomponentis written to dependonly on explicit standardinterfaces
(ports),never namingor knowing theunderlyingsoftwareon which they arerelying,only thestandardthat
oneusesandtheotherprovides.

1.3 CCA TechnologyDevelopment

To enableCCA-compliantapplicationsto functionproperly, theCCTTSSis addressinga numberof chal-
lengingresearchquestions.In particular, we arepursuingongoingwork in framework andinfrastructure
development(including languageinteroperability),scientificcomponentdesign,andparalleldataredistri-
bution.
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Frameworks and Infrastructur e. The CCTTSSmaintainsthreeframeworks, eachof which explores
differentareasof scientificcomputing. Ccaffeine [5] concentrateson the SingleProgramMultiple Data
(SPMD)paradigmandmassive parallelism,while XCAT [6] supportsdistributedcomputing,emphasizing
Grid support.SCIRun[7] supportsbothparallelismmodelsto someextentbut alsohandlesmulti-threaded
cases.Becauseapplicationscientistsusea varietyof programminglanguages,theCCA hasbeendesigned
to be languageneutral. Our ScientificInterfaceDefinition Language(SIDL) [8] andassociatedcompiler,
Babel[9], allow componentsto bewrittenandusedfrom any of C, C++, Python,andFortranwith minimal
performancecosts.Chasm[10] is a setof automaticlanguagetransformationtools thateasetheburdenof
developingcomponentsfrom existing code.

ScientificComponents. As apartof its mission,theCCTTSShasdevelopedproductioncomponentsthat
areusedin scientificapplicationsaswell asprototypecomponentsthataid in teachingCCA concepts.This
work hasbeenrecognizedasoneof the “Top Ten ScienceAchievementsin 2002” by the DOE Office of
Science[11]. Thesefreely availablecomponentsincludevariousservicecapabilities,tools for meshman-
agement,discretization,linear algebra,integration,optimization,paralleldatadescriptionand redistribu-
tion, visualization,andperformanceevaluation.To definecommoninterfacesfor mesh-basedscientificdata
management,theCCTTSSis collaboratingwith domainexpertsin two SciDAC IntegratedSoftwareInfras-
tructureCenters(ISICs),namelythetheTerascaleSimulationToolsandTechnologies(TSTT)ISIC [12], led
by J.Glimm, andtheAlgorithmic andSoftwareFramework for Applied PDEs(APDEC)ISIC [13], led by
P. Colella.Thesedata-centriccomponentswill definetheparallellayoutof dataacrossprocessorsandform
the lingua francafor othercomponentsthatmanipulatethedata.We arealsoworking in conjunctionwith
theTerascaleOptimalPDESimulations(TOPS)ISIC [14], led by D. Keyes,to definecomponentinterfaces
for linear, nonlinear, andoptimizationsolvers.Figure1.1 illustratessuchinteractionsamongSciDAC ISICs
from theCCTTSSperspective.

“MxN” Parallel Data Redistribution. A commonbarrierto scientificsoftwarereuseis adisparateunder-
lying modelfor how datais distributedin memoryby differentcodes.MxN toolsprovidethebasicfunctions
for exchangingparalleldata,including describingandregisteringthe data,creatingconnectionswith par-
allel “communicationschedules,” andthenactuallytransferringparalleldataelementsamongcomponents.
This basicyet challengingwork will bethefoundationfor a suiteof modelcouplingcapabilities,including
spatialandtemporalinterpolationandunit conversions. Suchmanipulationof paralleldataalsoenables
Parallel RemoteMethodInvocation(PRMI), whereinthe input andoutputargumentsto methodcalls can
themselvesbedistributeddataobjects.

CCA Outreach Activities. Much of the CCA’s successthus far is due to the outreachdone by the
CCTTSSin the SciDAC and larger computationalsciencecommunity. During the pastyear, we con-
ductedeight tutorials in four time zonesand have provided extensive documentationon our web site,
http://cca- fo rum. org .

1.4 Benefitsfr om SciDAC

TheCCA reapsatwo-fold benefitfrom theSciDAC initiative:acceleratingboththerateof CCA technology
developmentandtheinsertionof this technologyinto massively parallelscientificapplications.

Internally, SciDAC hascatalyzeda looseconfederationof grass-rootsinterestsinto a coherentteam.
BeforeSciDAC, wehadbeensharingideas.Now, wearesharingcode,co-developingsoftware,andclosely
coordinatingefforts. Integrationof our previously disparateefforts is a recurringthemethroughoutthis
review document.
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Externally, SciDAC’semphasison verticalintegration— infrastructureimpactingapplications,andap-
plicationseffectively leveraginginvestmentsin infrastructure— hascreatedan ideal environmentfor the
CCA. The CCA exists to achieve verticalsoftwareintegration,thoughits memberstendto expressthis as
“softwarereuse.” After oneyearof funding,CCA componentsandinfrastructureareusedin two majorSci-
DAC applications,numerousCCA-compliantapplicationcomponentshave beendevelopedanddeployed,
andtheunderlyinginfrastructureis maturingandestablishingitself in theSciDAC scientificcommunity.



2. Progress,Application Impact, and Future
Plans

2.1 Frameworks and Infrastructur e

Coordinator: G. Kumfert(LLNL)
CCA frameworks are the foundationof CCA componentapplications.The frameworks effort of the

CCTTSSproposalis arguablythemostspeculative of the facetsof theproject,simply becausethereis no
prior art for componentframeworksin high-performancescientificcomputing.

Given the speculative natureof this effort, progressto datehasbeenremarkablycloseto, and often
exceeding,expectations.Of the threeprimary goalsfor a CCA componentframework to satisfy [15] —
supportfor the SPMD paradigm,distributedcomputingvia the Grid, andcommodityarchitectures(e.g.,
EnterpriseJavaBeans[16, 17], CORBA [18–21],MicrosoftCOM [22, 23], or Microsoft .NET) — wehave
completedthefirst, demonstratedthesecond,andarewell-positionedfor thethird.

2.1.1 Framework Implementations

TheCCTTSSsupportsthreeframeworks,eachwith its own specialtiesandpurpose.Linkagesamongthese
frameworksprovideafull complementof featuresto work undervariousapplicationscenarios.Of thethree,
Ccaffeine [5] is mostproductionorientedandbestpositionedfor mostterascalesimulations,asit supports
theSingleComponentMultiple Data(SCMD) paradigm,which is thecomponentanalogof theSPMDpro-
grammingstyle.By comparison,XCAT [6] is themostexperimental,emphasizingdistributedcomputation
acrosstheGrid. SCIRun[7] combinesaspectsof theothertwo,supportingexperimentalmodelsof handling
distributedSPMDcomponents.

We discusseachof the frameworksseparatelyin Sections2.1.1.a–2.1.1.c,andwe thendiscusscurrent
efforts for interoperabilityamongtheframeworksin Section2.1.1.d.

2.1.1.a Ccaffeine- SCMD Framework

Investigators:B. Allan, R. Armstrong(SNL)

Progressto Date. Ccaffeine hasseena substantialamountof use,technicaldevelopment,andusability
improvementssincethe beginning of SciDAC. In addition to the improvementsin servicesfor scientific
componentslistedin AppendixA.1, advancesin theframework itself arenoteworthy. Of particularimpor-
tanceis Ccaffeine’snew anduniqueability to handlemultiple typesof components,dependingonwhich (if
any) languageinteroperabilitytool is used.This capabilitysprangfrom theinnovationthattheCCA design
patternis separatefrom thespecification[24].

Originally, Ccaffeinewasa C++ only tool; following theoriginal C++ CCA specificationis now called
Classic. Duringthelastyear, Ccaffeinealsoimplementedsupportfor SIDLcomponents— allowingcompo-
nentswritten in any Babel-supportedlanguage.This is now thestrictly CCA-compliant(but not exclusive)
way to useCcaffeine. Theoriginal Classicbindingcontinuesto supportClassiccomponentsfor backward
compatibility. A third mode,supportingautomaticallycodegeneratedChasmcomponents, wasaddedmost
recently. As ChasmandBabelcontinueto coordinatetheir efforts,however, theneedfor Chasmasa sepa-
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ratebindingfrom SIDL is expectedto go away. TranslationserviceshavebeenimplementedsothatClassic
componentsandSIDL componentscaninteroperate.

CcaffeinealsotrackstheCCA specificationmostcloselyasit continuesto evolve. Recentadditionsof
BuilderServices,TypeMaps,andAbstractFrameworkshave all beenimplementedandenableCcaffeine to
presentitself asa componentto externalframeworks. Discussionabouthow this featurewasdemonstrated
at SC2002follows in Section2.1.1.d. The framework canbe usedseriallyor on a parallelmachineusing
MPI [25] or PVM [26] in any of threemodes:interactively with aGUI, interactively atacommandline, and
in batchmodeusinga scriptderivedfrom thefirst two modes.Thewiring demoin Figure1.2(page3) is a
screenshotof Ccaffeine’s GUI in action. Additionally, Ccaffeine canbeusedentirelyasa library to allow
usersto script their own framework actionsin Pythonor C++.

Impact on Applications. Ccaffeine is currently in useby a numberof applications,including combus-
tion simulationswithin theComputationalFacility for ChemicallyReactingFlow (seeSection2.4.2.a)and
a quantumchemistryapplicationusingprototypeoptimizationcomponentsfrom theTOPSISIC (seeSec-
tion 2.4.2.b).Ccaffeine is the framework that is usedfor theCCA tutorial hands-oncodes,andalmostall
userswhoareinterestedin theCCA for SPMD-likeparallelcomputingusuallystartwith this framework.

2.1.1.b XCAT - Grid Framework

Investigator: D. Gannon(IU)

Progressto Date. XCAT [6] is an implementationof the CCA specificationthat runs on distributed,
heterogeneousGrid platforms. The emerging Grid middlewarestandardis basedon Web Services[27],
whichisaport-basedarchitecturefor couplingclientstoserversovertheInternet.Thisstandardis supported
by many major industrial concernsincluding IBM, Microsoft, Oracle,SUN, Intel andothers. This web
servicesstandardwasalsoinfluencedby theCCA, andthereis a naturalmappingof CCA conceptsinto the
webservicesmodel[6]. TheGlobalGrid Forumis alsoextendingthewebservicesstandardto supportGrid
applicationsbasedon theOpenGrid ServicesArchitecture(OGSA)[28–33].

TheCCAcomponentmodeladdressesapplicationconstructionby componentcomposition.Many of the
resultingapplicationsrun in SPMDmodeonscalableparallelsystems.However, by design,thereis nothing
in the CCA specificationthat limits applicationsto beingonly SPMD. This allows CCA applicationsto
be built from componentsrunning at different locationson the network. It also allows arbitraryOGSA
web servicesto be usedascomponentsin a CCA application,andit allows CCA applicationsto appear
asfirst-class,remoteservicesto desktopweb-servicestandardcompliantframeworks suchasMicrosoft’s
.NET.

Impact on Applications. In adistributed,multi-scalesimulationof thesemiconductorfabricationprocess,
severalexisting parallelsimulationswere“wrapped”asXCAT CCA components[32]. Thesecomponents
wererun on differentremotehosts,andCCA portswereusedto move databetweenthesimulations.Ad-
ditionally, XCAT hasidentified a new project for creatingan infrastructurefor combiningseverestorm
modelingwith on-linesourcesof weatherdata.We expectto increaseemphasison scienceapplicationsas
Grid standardsevolveandXCAT matures.



2. PROGRESS,APPLICATION IMPACT, AND FUTUREPLANS 8

2.1.1.c SCIRun - ConcurrencyFramework

Investigator: S.Parker(UU)

Progressto Date. SCIRun[7] is themostestablishedframework in theCCTTSS;it is usedby a handful
of governmentagencies,seven external universities,andfive corporations.The SciDAC elementof this
project hasfocusedon core CCA standards,including how to implementthe CCA standardin a multi-
threadedcontext aswell asinteroperabilityvehicleswith XCAT andCcaffeine. TheCORBA concurrency
serviceserved asa startingpoint, but severalareashave beenidentifiedthat needextensionin supportof
scientificcomputing. Most recently, SCIRunhascontributeda prototypesystemthat implementsparallel
dataredistributionandParallelRemoteMethodInvocation(PRMI) (seeSection2.3for moredetails).

Impact on Applications. ThecurrentSCIRundistribution predatestheCCA, andis not generallyinter-
operablewith CcaffeineandXCAT. SCIRun2,however, will bea CCA complaintframework. SCIRun2is
alreadyunderdevelopment,incorporatingSCIRun,Uintah [34, 35], andmulti-threadedCCA prototypes.
SCIRunis currentlyusedfor fire simulations,combustionmodeling,remotevisualization,bioelectricmod-
eling,atmosphericdiffusion,electricalimpedancetomography, chemicalengineering,cardiacdefibrillation
design,cell biology, medicalimaging,andgeophysicalsciencesimulations. We areoptimistic aboutthe
CCA’s impacton applicationswith theroll-out of SCIRun2.

2.1.1.d Frameworks Interoperability

TheCCA is genericenoughto supportSPMD,distributed,andmulti-threadedapplications,asdemonstrated
by the CCTTSS’portfolio of frameworks. This providesconsiderableflexibility to users,andmany chal-
lengesto framework creators,particularlybecausewewanttheframeworksthemselvesto beinteroperable.

At SC2002we demonstrateda proof of conceptby connectingCcaffeine andXCAT for a combustion
application.Ccaffeinewasusedto composeandrunparallelhigh-performancecombustionsimulations,and
XCAT providedtheconnectivity for thesimulationto be accessedasa Grid resource.Plansfor continued
progressin framework interoperabilityarediscussedin Section2.1.4

2.1.2 LanguageInter operability Tools

Thereare two main languageinteroperabilityefforts in the CCTTSSthat fill two very different niches.
Babel[8] is anIDL-basedtool thatsupportsC, C++,Python,Java,Fortran77,andFortran90.Chasm[10] is
anautomaticparsingtechnologythatconnectsC++ andFortran90.

2.1.2.a SIDL/Babel

Investigators:T. Dahlgren,T. Epperly, G. Kumfert(LLNL)

Progressto Date. During thepasteighteenmonths,BabelhasbeenadoptedastheCCA’sstandardmech-
anismfor languageinteroperability, thusmaking it an integral part of the CCA. The increasedattention
within thecommunityhasresultedin a significantincreasein theneedfor fine-tuningandhardeningBabel
in additionto addressingresearchneeds.

Our primary technicalaccomplishmentsover this periodare(1) the additionandhardeningof client-
sideJava,(2) theadditionandhardeningof client-andserver-sidePython,(3) theadditionof PhaseI client-
and server-side Fortran90support,(4) significant improvementsin supportof multi-dimensionalarrays,
(5) supportfor reentrantandunversionedpackages,(6) the ability to generateSIDL ExtensibleMarkup
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Language(XML) encodedinterfacespecifications,and (7) the addition of language-neutralsupportfor
overloadedmethodnames.

Impact on Applications. Thefirst impactBabelhadto makeundertheSciDAC initiativewasto introduce
Babelinto theCCA frameworks.AlthoughtheLivermoreteamparticipatedin theCCA Forumfrom its in-
ception,theBabeltool wasnot beingusedin framework developmentwhenSciDAC started.Thus,at the
Fall 2001CCA meeting,we unveiledDecaf[36, 37] asthefirst Babel-enabledCCA compliantframework.
CcaffeineaddedBabelsupportshortlythereafter;reusingmostof theDecafimplementationin theprocess.
XCAT andSCIRunhave morecomplex distributedcomputingfeaturesthatBabelmustintegratefirst, be-
fore thesetwo frameworkscanlogically adoptBabeldirectly, thoughsomeprototypingwith SCIRunis in
progress.

Next, Babelhadto impactcomponentwriters.ThishappenedveryquicklyafterDecafhadbeenreleased,
andCcaffeineannouncedintentto supportBabel.At SC2001,Babelwasnotusedin any of theCCA demos.
By SC2002,practicallyhalf of the CCA demoswererunningBabelizedcomponentsin Ccaffeine. All of
the scientificcomponentsdevelopedat Argonnethat had initially beenwritten in the so-called“classic”
stylehavenow beenrewrittenasSIDL components.In addition,collaboratorswithin theTerascaleOptimal
PDESimulations(TOPS)SciDAC Center(PI: D. Keyes)haveadoptedSIDL for definingnew interfacesfor
numericalsoftware.

Fortran90: A Mid-Course Corr ection. Supportfor Fortran90hasexceededall initial expectationsof
scope,importance,impact,andcomplexity. Theinitial proposalcasuallylistsFortran90supportasasecond
yeardeliverable[15, pg 23]. At the time, the thoughtwasthat this would beof moderateimportance,and
thata minimal connectivity solutionwould be sufficient. As the SciDAC communitystartedforming, we
quickly beganto appreciatejust how many SciDAC applicationsarewritten in Fortran90,andhow many
SciDAC mathandCSlibrariesarenot. Furthermore,startingwith anopenemail to theCCA from Randall
Bramley [38], theCCTTSSbecameincreasinglyawarethatwehadunderestimatedthenumberof Fortran90
featuresthatwerecommonlyusedin scientificprograms.

Corrective action is alreadywell underway. We maintainconstantinteractionwith the Chasmteam
andotherinterestedpartiesthrougha mailing list dedicatedto CCA/Fortran90issues.We have rolled out
our initial vision for Fortran90support,but now refer to it merelyas“PhaseI.” We have alreadyreceived
valuablefeedbackfrom thecommunity, andwe have implementedmostof it asPhaseII in our upcoming
release.Contraryto the original proposal,we seeFortran90developmentcontinuingfor the foreseeable
futurein this iterativeandcommunalrefinementprocess.

Open Babel: A Mid-Course Corr ection. As originally conceived,Babelwasto be aneasy-to-usetool
with an input grammar(SIDL) anda collectionof backendcodegenerators.As Babelgainedacceptance,
it also accumulatedhigh expectations,and even SciDAC collaboratorsinterestedin doing researchon
SIDL/Babel itself — including applyingSIDL/Babel to problemsother than (or only loosely relatedto)
languageinteroperability.

OpenBabel[39] is an effort to engagea communityof developersto contribute to Babel’s continued
successandincreaseddiversity. Therehave beentwo meetingssofar dedicatedexclusively to Babeldevel-
opmentissues.We have definedthreelevelsof Babeldevelopment:Core,Extensions,andDialects,which
clearlydefinelevelsof interoperabilityguaranteedby Babelaswell asflexibility for independentresearch
on thepartof thedevelopercommunity. BabelExtensionsis the target level thatbestallows new features
to be “plugged-in” to Babelwhile still maintainingBabel’s interoperabilityguarantee.This effort is still
very muchin theformative stages,focusingon community, ideas,andconsensusbuilding. Actual software
contributionsarejustappearingon thehorizon.
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2.1.2.b Chasm

Investigators:M. Sottile,C. Rasmussen(LANL)

Progressto Date. Unlike many otheraspectsof the CCA, Chasmdid not exist beforeSciDAC funding
initiated. Chasmis a compiler-basedresearchprojectthatparsesexisting C++ andFortran90sourcefiles,
automaticallygeneratingbindingsbetweenC++ functionsandFortran90procedures.It alsocreatesCCA
componentsout of existing Fortranfiles. As mentionedin Section2.1.1.a,supportfor Chasmhasalready
beenaddedin Ccaffeine. Recently, Chasmhasaddedthe capabilityto generateSIDL files from existing
sourcecode.TheseSIDL filescanthenbeusedby Babelto generatelanguagebridgingfiles.

Theprimaryfocusof Chasmwithin theCCA is to provideease-of-usetoolsto helpapplicationdevelop-
erstransitionto component-basedapplications.Thefirst releaseof Chasmprovideda C library thatallows
native-languagearraysto be passedasfunction parametersbetweenC++ andFortran90. For example,a
C++ programmerusingthis library cancreateaC++ arrayclassandthenpassthisclassto Fortran,whereit
is interpretedasa Fortran90assumed-shapearray.

Impact on Applications. The Chasmteamworks with Fortran applicationdevelopersto defineCCA
Fortranbindingsthatappearnaturalto Fortranprogrammers.Thiswork hasalreadyaffectedandcontinues
to influenceBabel’sown Fortran90bindings.Babelalsoplansto reuseChasm’s infrastructurefor portable
Fortran90arraydescriptormanipulation.

2.1.3 ComponentRepositoryand SoftwareDeployment

Investigators:T. Epperly(LLNL), B. Allan (SNL), B. Norris (ANL)

Progressto Date. TheCCA andtheCCTTSSemphasizetheruntimeinteroperabilityof software,which
is animportant,but notexclusivesourceof softwareincompatibilities.Anothersourceof incompatibilitiesis
how softwareis packagedandbuilt. This effort focuseson definingstandardsfor describing,documenting,
anddistributingcomponentsoftwarein source-codeform to helpaddressthis secondsourceof difficulties.
Threemajorthrustsin thisarenacover immediateneedsaswell aslonger-termgoals.

Theshort-termeffort hasfocusedon usingan existing tool calledRedhatPackageManager(RPM) to
generateRPMsfor theCcaffeine framework, Babel,andvariouscomponentsdemonstratedatSC2002(see
Section2.2.2).We planto makethesepublicly availableon theCCA website[40] by earlyMarch,2003.It
is importantto stress,however, thatRPMsareastopgapmeasureandnot a long termstrategy for all future
distributionsof componenttechnology.

Our long-termefforts in this areahave focusedon developmentof anXML descriptionof a component
andupdatingourprototypecomponentrepository, Alexandria[41].

Impact on Applications. Giventheearlystageof theCCA, activity is focusingon framework andcom-
ponentdevelopment.As emphasisshifts to managinga largecollectionof existing components,we expect
thisareato havea substantialimpact.In theshortterm,we expecttheRPMsto provide themostaccessible
meansfor beginnersto explore CCA componenttechnology. AlexandriaandXML encodingswill be the
focusfor productionuseof CCA technology.

2.1.4 Futur e Plans

FutureR&D efforts for Frameworks aresummarizedon Table 3.1 (page29). The primary focus of all
framework activity is to completeinteroperabilityefforts thatarealreadyunderway.
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1. Wewill specifyaremoteinteroperabilitynetworkprotocolthatwill serveasthefoundationfor remote
methodinvocationbetweentwo componentson dissimilarframeworksandmachines.This protocol
will becompatiblewith standardwebservicesprotocols,but have extensionsfor highperformance.

2. We will deliver tools to transformSIDL interfacespecificationsinto runningsoftwarethat connects
componentportsfrom differentframeworksusingtheaforementionedprotocols.

3. We will work with the MxN groupto ensurethat this setof protocolsandtools supportsthe MxN
parallelcouplingmodelsthatthey arespearheading.

Babel and Chasm. Chasm’ssourcecodeto SIDL capabilitiespromiseto lower thebarrierfor componen-
tizationof legacy codes.Chasm’sFortran90infrastructurewill bereusedinsideBabelto bolsterits own. At
thispoint,a Chasmusermusthandedit Babel-generatedimplementationfiles to connectto existing library
code.In time, this lasthand-editingstepwill not berequired.

Ccaffeine. In the nearfuture Ccaffeine will be upgradedto includerendezvousof multiple instancesof
itself to form multi-SPMD programs.This capability is very muchin demandin the climatecommunity,
which is theCCA’snext big applicationseffort.

2.2 Scientific Components

Coordinator: Lois CurfmanMcInnes(ANL)
Leader of Scientific Data ComponentsWorking Group: Lori FreitagDiachin(SNL, formerlyANL)
Investigators:SeeAppendixA for thedevelopersof variouscomponents.

Beforewe canbegin to realizeourvision of interoperablecomputationalsciencecomponents,we must
addressmany difficult researchissues. We employa four-prongedapproachto scientificcomponentde-
velopment,namely(1) definingdomain-specificinterfacespecificationsthroughcollaborationswith other
SciDAC centers;(2) developingasuiteof parallelscientificcomponents;(3) collaboratingwith applications
scientiststo evaluateandextend theseinterfacesandcomponents;and (4) exploring researchissuesthat
areuniqueto theDOE computationalscienceenvironment,includingquality of serviceissuesrelatedto ro-
bust,efficient,andscalableperformance.We begantheSciDAC initiativewith a strongfoundationfor this
work in theform of rich paralleltoolsthatalreadyusedabstractionsin their design.This sectiondiscusses
progressduringthepasteighteenmonths.

2.2.1 Common Interface Development

The developmentof commoninterfacesthat a large numberof tools supportis critical to the notion of
“plug-and-play”scientificcomputingfor which theCCTTSSis striving. Commoninterfacesareespecially
importantfor scientificdatacomponents,astheinterfacesfor numericaltoolsandapplicationcomponents
oftenincludeacertaindegreeof specificityof thedatastructuresusedasinput andoutputarguments.Over
the pastyear, we have workedwith domainexpertsin the TSTT [12] andAPDEC [13] ISICs to develop
commoninterfacesfor two broadareasof scientificdatacomponents,namelya descriptorfor densearrays
distributedacrosstheprocessorsof a parallelcomputer(seeSection2.2.1.a)andinterfacesfor structured,
unstructured,andadaptivemeshaccess(seeSection2.2.1.b).Thesedata-centriccomponentswill definethe
parallellayoutof dataacrossprocessorsandform thelinguafrancafor othercomponentsthatmanipulatethe
data.More recently, we have alsobegunto work in conjunctionwith theTOPSISIC [14] to definecompo-
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nentinterfacesfor linear, nonlinear, andoptimizationsolvers.In addition,weengagethehigh-performance
scientificcommunityat largeto participatein similar dialoguesin their particularareasof expertise.

2.2.1.a Distrib uted Arrays

In scientificsimulationsonparallelcomputers,arraysthataredistributedacrossthememoryof themachine
area widely usedabstraction.At thesametime, differentcodesoften have their own distinct way of im-
plementingthatabstraction.TheDistributedArray Descriptor(DAD) interfacewasdevelopedto facilitate
interoperabilityamongcomponentsutilizing thedistributedarrayabstractionby providing a “commoncur-
rency” throughwhich componentscandescribe,exchange,andaccessdistributedarraysin a way that is
independentof theunderlyingimplementation.

Theinterfacespecificationwasdevelopedby a sub-groupof theCCA Forum’s ScientificDataCompo-
nentsWorking Groupover the courseof approximatelya year. The designtook into considerationmany
distributedarray implementations,including High PerformanceFortran (HPF) [42, 43], PETSc[44, 45],
LAPACK [46], KeLP [47], P++ [48], the GlobalArray Toolkit [49–51], andothers.The resultingdesign
drew particularlyon theHPFdistributedarraymodel,which wasdeterminedto provide a supersetof capa-
bilities providedby mostof theotherdistributedarraypackages.

Basedon the group’s design,David Bernholdt(ORNL) produceda referenceimplementationof the
interface,the DistributedArray DescriptorFactory (DADF) component,which wasfirst usedin demon-
strationapplicationsshown at SC2001.TheDAD interfaceandtheDADF referenceimplementationhave
beenusedbothto allow interoperabilityof componentsbasedonexistingsoftwarewith differentdistributed
arrayimplementations,andasthebasisfor thedevelopmentof new capabilities.The“MxN” paralleldata
redistribution effort (seeSection2.3)hasdevelopedinterfacesfor thatproblemin which distributedarrays
describedusingtheDAD aretheinput andoutput.Similarly, theGlobalArray Toolkit hasbeenadaptedto
usetheDAD asits primaryinterface– not simply to describeexistingdistributedarrays,but to actuallyuse
theDAD representationto createnew distributedarrays(seeSection2.2.2).

The original DAD interfacewasdesignedbeforeBabelwasmatureenoughfor routineuse,so Wael
Elwasif(ORNL) andDavid Bernholdt(ORNL) arein theprocessof adaptingtheoriginalspecificationto an
appropriateSIDL variant,whichwill becomethestandard.TheDADF referenceimplementationis likewise
beingupdated.

2.2.1.b Computational Meshes

In conjunctionwith the TSTT andAPDEC ISICs, we have workedto createcommoninterfacesthat are
appropriatefor therepresentationof structured,unstructured,andadaptivemeshes.As with theDistributed
Arrayseffort, our focusis thedefinitionof accessorinterfacesthatprovide thefunctionalityneededby ap-
plicationprogrammersindependentof therepresentationin theunderlyingimplementation.Thechallenges
inherentin this typeof effort includebalancingtheperformanceof theinterfacewith theflexibility needed
to supporta wide varietyof meshtypesandthedesireto keeptheinterfaceminimal so that it is simpleto
implementandadopt.

In ourwork with theTSTTinterfacedefinitiongroup,wehavefocusedprimarily onaccessinggeometry
andtopologyinformationfrom both structuredandunstructuredstaticmeshes.To provide the flexibility
neededto supportawide arrayof meshtypes,accessto informationis providedthroughanumberof differ-
entmechanisms.For example,carewastakento ensurethataccessto coordinateandadjacency information
in themeshwasprovidedon bothanentity-by-entitybasisby usingiteratorsof opaqueobjectsandfor the
entiremeshat oncethrougharraysof doubles.All implementationsarerequiredto supportbothmodesof
access,althoughit is recognizedthatonly onestyleis typically nativeto theunderlyingsoftware.Implemen-
tationsof this specificationareunderwayat LLNL (for Overture[52]), PNNL (for NWGrid [53]), RPI (for
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AOMD [54]), SNL (for MDB/CUBIT [55]), andANL (for a simpletriangularmesh).A TSTT-compliant
meshcomponentwasfirst usedanddemonstratedfor SC2001for solving simplePDE-basedapplications
andcontinuesto beusedanddistributedaspartof theCCA tutorial. Additionalefforts thatusethisinterface
areongoingat SUNY Stony Brook aspartof theFrontier[56] merge with variousTSTT meshgeneration
technologiesandaspartof theMESQUITEmeshquality improvementtoolkit [57].

In addition, in April of 2002, the CCA hosteda joint meetingwith the APDEC andTSTT Centers
to definea commoninterfacethat supportsthe particularneedsof StructuredAdaptive MeshRefinement
(SAMR) datastructures.Theprimarygoalof this interfaceis to allow themultiple toolsthatimplementthis
techniqueto exchangedataanduseeachother’s solversandpre-andpost-processingtools. For example,
in thecombustionapplicationdescribedpreviously, theuseof Chombo[58] solvers(developedat LBNL)
is critical to thelong termsuccessof theproject,anda commoninterfacethatallows accessto themneeds
to be developed. At this meetinga preliminary interfacewasadopted,anda referenceimplementationis
currentlyunderwayatLBNL.

2.2.2 Prototype Components

As apartof its mission,theCCTTSShasdeveloped(internallyandthroughcollaboration)high-performance
productioncomponentsthat are usedin scientific applicationsas well as prototypecomponentsthat aid
in teachingCCA concepts.A commonthemein this work is combiningapplication-specificcomponents
(which are further discussedin Section2.4) with moregeneral-purposeonesthat canbe reusedacrossa
rangeof applications.Thesefreelyavailablecomponentsincludevariousservicecapabilities,toolsfor mesh
management,discretization,linearalgebra,integration,optimization,paralleldatadescriptionandredistri-
bution, visualization,graphicalbuilding, andperformanceevaluation.We have alsodevelopeda varietyof
component-basedscientificapplicationsthatdemonstratecomponentreusabilityandcomposability, includ-
ing several that employdomain-specificinterfacesthat arebeingdefinedby CCA working subgroupsfor
scientificdataandparalleldataredistribution. Severalof theseapplicationssolvePDE-basedmodelsusing
eitheradaptive structuredmeshesor unstructuredmeshes,while otherssolve unconstrainedminimization
modelsthatarisein computationalchemistry.

Thiswork hasbeenrecognizedasoneof the“Top TenScienceAchievementsin 2002” by theDOE Of-
ficeof Science[11]. In addition,thesecomponentsandapplications,whichwedemonstratedat theSC2001
andSC2002conferences,serve aspartof CCA tutorial materialandprovide a startingpoint for interfaces
with severalscientificapplications.All of thesesampleapplicationsemploytheCcaffeine [5] framework,
andtwoor moreapplicationsre-usein differentcontextseachof thecomponentshighlightedin AppendixA.
Thesecomponentsleverageandextendparallelsoftwaretoolsdevelopedat differentinstitutions,including
CUMULVS [59–62],GlobalArrays [49, 50], GrACE [63], CVODES[64], MPICH [65], PETSc[44, 45],
PVM [26], andTAO [66, 67].

To facilitate theexplorationof CCA technologyby potentialnew userswhile requiringa minimumof
installationeffort, we arereleasingLinux binary andsourceRPMsfor thesecomponentsandsupporting
infrastructure(seeSection2.1.3). We provide highlights of someof thesecomponentsin Appendix A;
see[40] for thecompletecomponentsuite,includingsourcecodeanddocumentationvia theRPMs.

2.2.3 Impact on Applications

2.2.3.a Numerical Componentsin Molecular GeometryOptimization

An importantgoal of our project is to assurethat scientificcomponentsareinteroperable,able to deliver
high performance,anduseful to real applications.As discussedin Appendix A, the GlobalArray and
TaoSolver componentsoffer complementarycapabilitiesto their applications:the GlobalArray com-
ponent(PNNL), which is basedon the GA library [49, 50], managesdistributedarraydataandprovides
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linearalgebraoperations,which theTaoSolver component(ANL) canusewithin advancedalgorithmsfor
unconstrainedandboundconstrainedoptimizationproblems;TaoSolver is built on top of theToolkit for
AdvancedOptimization(TAO) [66, 67]. Underthisproject,additionallinearalgebraoperationswereadded
to GA asneededby TAO. As a benchmarkand interoperabilitytest,we ran a Lennard-Jonesmolecular
dynamicsoptimizationproblemon theDell Linux/IA32 andHP Linux/IA64 clusterat PNNL. Theperfor-
manceresultsindicatedvery goodscaling(a simulationof 12,000atomsyieldeda speedupof 7.86 on 8
processors)andnegligible overhead(lessthanonepercent)whenusingthe newly developedcomponent
interfacesthatemploySIDL.

Figure2.1: Component-basedmoleculargeometrycomputations.
Gray componentscan be swappedin to createnew applications
with differentcapabilities.

Furthermore,we arecollaborating
with chemistsat PNNL and SNL to
incorporatethese componentsin the
optimizationof moleculargeometries,
which is a central function of quan-
tum chemicalcalculations.To provide
chemistswith an unprecedentedlevel
of flexibility in determiningmolecular
structures,we are using the CCA to
link theNWChem[68] andMPQC[69,
70] quantumchemistrycodes,which
provide high-performanceenergy, gra-
dient, andHessiancomputations,with
the TaoSolver optimization compo-
nentaswell aswith the linear algebra
capabilitieswithin componentsbuilt on the GA andPETSclibraries. Figure2.1 depictsthe components
involved,wherethecomponentsbasedon NWChemandMPQCareinterchangeable,asarethosebasedon
GA andPETSc.Futurework will refinethe optimizationandchemistryinterfaces,examineperformance
issuesto understandwhentheuseof TaoSolver is preferredover existing functionalitywithin NWChem
andMPQC,andexploremorecomplex optimizationproblemssuchasprotein/ligandbindingstudies.See
Section2.4.2.bfor furtherdetails.

2.2.3.b ScientificData Componentsin Combustion Applications

To demonstratethefeasibility andutility of usinga component-basedapproachto scientificcomputing,we
havedevelopedseveralapplicationsthatsolvePDE-basedmodelsandoptimizationproblems.In theareaof
scientificdatacomponentdevelopment,ourworkwith theComputationalFacility for ReactingFlow Science
(CFRFS)[3], a SciDAC applicationproject,is of particularnote. Theoverarchinggoalof this centeris to
developacomponent-basedtoolkit for flamesimulations,andthedatacomponentusedin thesesimulations
is basedon the structured,adaptively refinedmeshesprovided by the GrACE library [63]. As described
in AppendixA and[71, 72], thecomponentinterfacesemploytwo primaryabstractions:a GridHierarchy,
which is a collectionof hierarchical,nestedCartesianpatchesthat provide increasedmeshresolutionin
regions wheresimulationvariablesarechangingrapidly, andDataObjects,which manipulateapplication
field data.

Themodelof incorporatingthesedatacomponentswith othersfor timeintegrationaswell chemicaland
physicalmodelshasworkedextremelywell for thecombustionapplicationsthatareimportantto theCFRFS
center. Already a numberof component-basedsimulationsof flame-likereaction-diffusionsystemsusing
numericalschemeswith differentaccuracy andstability characteristicshave beenimplemented.Runson
32 processorsareroutine,andperformancedatashows that thecomponent-basedimplementationhaslow
overheadandis scalable[71, 72]. SeeSection2.4.2.afor furtherdetails.
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2.2.3.c Interactions with the TSTT, APDEC, and TOPSSciDAC Centers

In additionto working directly with applicationsgroups,anotherprimary mechanismfor CCA impacton
applicationsis throughcollaborationswith numericaltool developersin theTSTT, APDEC,andTOPSISICs
to definecommoninterfacesandcomponentimplementationsfor meshmanagementanddiscretization,as
well aslinear, nonlinearandoptimizationsolvers.Ourgoalis thatthesenew interfacesandcomponentscan
eventuallybeemployedby scientistswho in turndirectlycollaboratewith thesemathematicscenters.

For example,asdiscussedin Section2.2.1.b,we have workedwith domainexpertsin the TSTT and
APDECcentersto definecommoninterfacesfor accessingmeshgeometryandtopologyinformation.Pro-
totypeCCA-compliantimplementationsof theTSTT meshinterfacehave beenusedto solve simplePDE-
basedapplications.Theseapplicationsprovideproof-of-principledemonstrationsof theusefulnessof com-
ponentsin scientificsimulationsandareusedfor teachingCCA conceptsaspart of our outreachtutorial
efforts. In additionto developingsimpleapplicationsthatarecompliantwith commoninterfaces,we have
createdsophisticatedhydrodynamicsandcombustion applications,asdiscussedin Section2.2.3.b. This
effort hasenabledusto evaluateCCA technologiesfor performanceandease-of-usein complex PDE-based
applications,bothof whicharecritical for theacceptanceof theCCA by DOE applicationscientists.

In the long term,theTSTT andAPDECcommonmeshinterfacesandprototypeimplementationswill
be further developedto supportsophisticatedTSTT meshmanagementtools suchas Overture(LLNL),
NWGrid (PNL), andAOMD (RPI). Whenthesetools comply with a commonsetof interfaces,they will
be able to be usedinterchangeablyin an applicationthat is also interfacecompliant. This will enable
applicationscientiststo easilyexperimentwith differentmeshtypesto determinewhich is the bestsuited
for the physicsof a particularapplication. Relatedsoftwaresuchasdiscretizationlibraries,partitioning
tools,andvisualizationtoolswill alsobecomeinterfacecompliant,sothatasuiteof usefulcomponentswill
beavailablein a plug-and-playfashion.

Wearealsocollaboratingwith colleaguesin theTOPSISIC to defineinterfacesfor linearandnonlinear
solvers,eigensolvers,andunconstrainedandconstrainedoptimizers.While this effort is morerecentthan
themeshinganddiscretizationprojectsdiscussedabove,progresshasalreadybeenmadein exploring some
early prototypesthat useSIDL as the interfacedefinition language.A goal of this work is to provide a
simple approachfor accessingthe full rangeof TOPStools that provide particular functionalities. For
example,TOPSlinearsolver softwareincludesthepackageshypre(LLNL) [73], PETSc(ANL) [44], and
SuperLU(LBNL) [74]. Weplanto experimentwith newly developedcommoninterfacesto TOPSsoftware
in a variety of applications,including a SciDAC fusion simulationunderdevelopmentby the Centerfor
MagneticReconnectionStudies(CMRS,PI: A. Bhattacharjee)[75].

In addition,asan initial exercisein applicationcodecoupling,which is of strongimportanceto TOPS
fusion collaboratorsin the CMRS andthe SciDAC Centerfor ExtendedMHD Modeling (CEMM, PI: S.
Jardin)[76], we plan to explore usingthe CCA to aid in thepartitioningandcoupledsolutionof a multi-
componentPDEmodel.Weexpectthatthisprojectwill revealissuesthatneedto beaddressedfor multiple
physicscodecouplingin morecomplex simulations.

2.2.4 Futur e Plans

Futureresearchanddevelopmentactivitiesfor scientificcomponentsaresummarizedin Table3.2(page30).
Throughongoingcollaborationswith otherSciDAC mathematicsandapplicationscenters,wewill continue
to evaluate,extend, and refine the first-generationcomponentsdevelopedthus far; seeAppendix A for
highlightsof futureplansfor particularcomponents.We alsowill developnew componentfunctionalityfor
multi-threading,loadredistribution,computationalsteering,andfault tolerance.Seetheoriginal CCTTSS
proposal[15] for furtherdetailsregardingthisplannedwork.

Anothernew areaof futurework focuseson investigatingquality of service(QoS)issuesfor numerical
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components.Componenttechnologyfacilitatesthedevelopmentof novel algorithmswherechoicesamong
severalfunctionallyequivalentcomponentscanbemadedynamicallybasedon runtimeconditions.For ex-
ample,it might be possibleto selectat runtimeamonga varietyof preconditionedKrylov methodsbased
on problemsize,memoryavailability, robustnessrequirements,etc. While componentstandardsmakeit
possibleto, at leastformally, re-useevery possibleimplementationof a certaincomponenttype in a given
program,mismatchescould occurbetweenthe needsof a client component(for example,high accuracy)
andthe capabilitiesof a server component(for example,low accuracy). To supportthis dynamicbehav-
ior, an importantresearchissueis thespecificationof theQoScharacteristicsrequiredof andprovided by
components.We will developmechanismsfor specifyingandpredictingtheQoScharacteristicsof parallel
numericalcomponents,wherewe definetheseastheaccuracy, robustness,performance,andscalabilityof
thecomponent.See[77] for adiscussionof preliminaryQoSwork. Wewill alsocollaboratewith thePERC
SciDAC centerto investigatehow QoSspecificationmechanismscantakeadvantageof PERCperformance
toolsfor runtimeperformancepredictionandadaptation.

TheCCTTSSplaysanessentialrole in cross-cuttingintegrationactivities amongotherSciDAC groups
by layeringandadaptingthework of othercenters.In particular, wewill continueto collaboratewith other
SciDAC teamsto extendexisting parallelsoftwarelibrariesto usecomponenttechnologyandto develop
additionalcomponents.Thiscomponentsuitewill provide basicfunctionalityneededby a rangeof simula-
tions,includingcombustion,fusion,chemistry, andclimate,andwill serve asa testbedfor frameworksand
relatedinfrastructure.Thiscomponentsuiteis in nowayintendedto providetheonly implementationof any
particularfunctionality. Rather, animportantfacetof ourapproachinvolvesdialogueamongthecommunity
to definedomain-specificinterfaces.Now is thetimefor suchactivities;multiple toolsalreadyexist, andwe
canexploit their differencesandleveragetheir commonalties.We expectthatthis work will improve tech-
nologytransferamongDOElaboratoriesandacademia,sincescientistswill beableto incorporatethelatest
computationalresearchmethodologiesif softwareprovidesstandardhooks. In addition,academicsshould
find it easierto incorporateDOEtestproblemsto motivatetheir researchandto evaluatetheperformanceof
newly developedalgorithms.

2.3 Parallel Data Redistribution and Model Coupling

Coordinator: JamesA. Kohl (ORNL)
Investigators:David Bernholdt(ORNL),RandyBramley (Indiana),PatFasel(LANL), KateKeahey (ANL,
formerlyLANL), JamesKohl (ORNL), JayLarson(ANL), SueMniszewski (LANL), StevenParker(Utah),
ReidRivenburgh (LANL).

A coreproblemfacedby many high-performancescientificsimulationsis thecoordinationof distributed
dataamongtasksexecutingin parallel. Dataareoftendivided into subsetsandscatteredor copiedacross
setsof parallelprocessesto improve communicationpatternsandlocality of accessby remotetasks.The
detailsof this datadistribution areoftenspeciallycateredto eachgivenalgorithm. In a component-based
simulation,theparalleldatadecompositionis furthersubdividedwithin thecontext of specificparallelcom-
ponents.Eachparallelcomponentfunctionsasits own parallelprogram,andconsistsof a “cohort” of like
componentinstancesspreadacrossthesetof parallelSCMD(SingleComponentMultiple Data,thecompo-
nentanalogof SPMD)processes.For parallelcomponentsto cooperatein a givensimulation,thecohorts
must be able to shareandexchangeparallel data. Suchscenariosincludecoupledparallel models,data
extractionfor interactivevisualization,andcheckpointingfor automatedfault recovery.

We refer to this challengeas the “MxN” (pronounced“M by N”) problem,indicating that a cohort
runningon“M” processorsmustsharedatawith anothercohorton “N” distinctprocessors,whereM andN
donotmatchin cardinalityor topology. An exampleof thisconceptis illustratedin Figure2.2.Eachcohort’s



2. PROGRESS,APPLICATION IMPACT, AND FUTUREPLANS 17

datadecompositionmustbe decodedto mapdataelementsin onecohortwith correspondingelementsin
thecompanioncohort.Becauseeachparallelcomponentcandistributedatain auniquewaysuchmappings
canrequirecomplex redistributionoperationsandtranslations.

Figure2.2: “MxN” Parallel DataRedis-
tribution

TheCCA is developinggeneralizedparalleldataredistribu-
tion toolsto alleviatetheinherentcomplexity in composingpar-
allel components.Genericinstrumentationcan describeeach
component’s paralleldata,andthenbe appliedto transparently
executea varietyof dataexchangeoperationsat run time. Be-
yondthesefundamentalparalleldataredistributioncapabilities,
additionaloperationscanbeconcatenatedusingadditionalcom-
ponent“filters” for spatialandtemporalinterpolation,unit con-
versions,etc.

Another relatedbut distinct issueariseswhen setsof co-
operatingparallel componentsinvoke methodson eachother,
referredto asParallel RemoteMethodInvocation(PRMI). No
well-definedsemanticsexist for the wide rangeof parallel in-
vocationpossibilities. Methodscould be invoked with serial or parallel callersand callees,to perform
coordinatedparalleloperationsor elseto independentlyupdatestatein parallel. Suchinvocationscould
requiredataargumentsor returnresultsaseitherserialor parallel(decomposed)dataarrangements.

SupportingPRMI is a problemuniqueto theCCA. Commercialcomponentsystemssupportonly serial
RMI, having no needfor theaddedcomplicationsof massive parallelismandtheSPMDmodel. TheCCA
programmingmodelrequiresnew semantics,policies,andconventionsfor invoking parallelmethodsand
appropriatelycommunicatingfunctionargumentsandresults.Synchronizationis alsoa fundamentalcon-
cernwith PRMI, to ensureconsistentinvocationorderingandthe coordinationof paralleldataarguments,
aswell asto avoid deadlocksandhandlevariousfailuremodes.

2.3.1 MxN Parallel Data Exchange

Much progresshasbeenmadeto dateby the CCTTSSwith respectto MxN technology, rangingfrom
thedevelopmentof generalizedspecificationsto theimplementationof multiple practicalcomponent-based
MxN solutions. Two main existing softwaretools were appliedto defineand generalizethe operations
involvedin performingparalleldataredistribution– CUMULVS (ORNL) [59–62]andPAWS(LANL) [78].
PAWS is built on a “point-to-point” modelof paralleldatacoupling,with matching“send” and“receive”
methodson correspondingsidesof a dataconnection.CUMULVS is designedfor interactive visualization
andcomputationalsteering,andso providesprotocolsfor persistentparalleldatachannelswith periodic
transfers,usinga varietyof synchronizationoptions.A generalizedMxN specificationhasbeendeveloped
thatcoversbothof theseconnectionmodelswithin a singleunifiedinterface.

TheMxN interfaceincludesseveralmethodsthatdefinethekey operationsin performingparalleldata
exchange.Parallelcomponentscanregistertheirparalleldataby providing ahandleto a“DistributedArray
Descriptor”interface(seeSectionA.4). Registrationprovidesthebasicinformationaboutany distributed
datadecompositionandindicatestheavailableaccessmodesfor MxN transfers.Parallel “communication
schedules”canbe definedthat mapelementsfrom onedataobject to another. Theseschedulesare then
appliedto defineMxN “connections”usinga variety of synchronizationoptions. MxN connectionscan
serve either“one-shot”transfersor persistentperiodictransfersthatproceedautomaticallyevery few itera-
tions.Eachindependentportionof a transferis initiatedwhenaninstanceof theparallelcohortinvokesthe
dataReady() method,indicatingthatlocal datais consistentand“ready” for thetransfer.

MxN transferscanbe initiatedby eitherthesourceor destinationcomponents,or by a third partycon-
troller. Therefore,neithersideof anMxN connectionneedbefully awareof thenatureof any connections.
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Thissituationgreatlyexpeditestheincorporationof existing parallellegacy codesinto thecomponentenvi-
ronment.Decisionsabouttheconnectivity of paralleldataobjectscanbemadedynamicallyat run-time,as
no fundamentalchangesto thecomponentcodearenecessary.

Basedonthisgeneralizedspecification,two distinctcomponentimplementationshavebeenconstructed,
onebasedon eachof theoriginal tools(CUMULVS andPAWS).Thesecomponentshave beenutilized in a
varietyof experimentalcomponent-basedapplications,with demonstrationsat SC2001andSC2002.Both
the CumulvsMxN and PawsMxNcomponentsrun single threaded.LANL’s PawsMxNcomponent,which
exists astwo pieces(senderandreceiver), operatessynchronouslyandprovidesparalleldatatransfer. A
simple“ping-pong”demonstrationof this componentwasmadeat SC2001.ORNL’sCumulvsMxN compo-
nentprovidesa discoverynameservicethatallowscomponentsin thesameor differentframeworksto find
eachotherandcoupletogetherusingthe MxN interface.CumulvsMxN hasbeenprimarily usedto gather
paralleldatafieldsfor visualization.ThreedifferentCCA componentapplicationdemonstrationsusedCu-

mulvsMxN at SC2001[79], to displaydatabasedon rectangularmeshes,unstructuredrectangularmeshes,
andunstructuredtriangularmeshes(usingORNL’s VizProxy front-endviewer component,alsobasedon
CUMULVS). In addition,theUniversityof UtahhasdevelopedexperimentalMxN componenttechnology
usingSCIRunfor visualizationandcomputationalsteering.

2.3.1.a MxN and Combustion Simulations

In collaborationwith the CFRFS[3] SciDAC project,work is currentlyin progressto utilize an extended
CumulvsMxN componentfor couplingparticle-baseddatafields to combustionsimulations.This modified
versionof CumulvsMxN usesa ParticleCollectionFactory (seeSectionA.4) to describea particle
containerandits encapsulateddatafields. Notethat fundamentallythereis little in combustionsimulations
themselvesthat canbenefitfrom MxN coupling,asthe solutionalgorithmsof the PDEsrequirethat they
work with local datawith the barestminimumof ghost-cellupdates.However, this view ignoresadaptive
chemistryandpost-processing.

Thebulk of thesimulationtime in combustionis spenton chemistry. A detailedchemicaltreatmentis
appliedateverypoint, regardlessof its necessity. Onecanadapt/simplifythechemistrydependinguponthe
stateat a point; further, oncesimplified, thechemistrydoesnot changevery quickly in time. The process
of simplifying chemistryis complicatedandtime-consumingbut only needsto bedoneinfrequently. Fur-
ther, post-processingof combustiondataposesa few challenges.Most post-processingandcomputational
geometryalgorithms(for detectingstructuresin flamesimulationsolutions)arenot very scalable;they can
bemadeto work tolerablyon a few CPUs,usuallyon SMPswith threading.Sincethedatasizesarelarge
(andthealgorithmsexpensive andnot particularlyscalable),it becomesimperative not to hold up thesim-
ulation’sprogresswith post-processingandothercomputationsthatdo not feedbackinto thesimulationor
elsedo sovery infrequently.

Therefore,both adaptive chemistryandpost-processingaregoodcandidatesfor a quasi-offline treat-
ment. The datafrom a simulationcan be MxN-transferredto a smallerset of CPUswherethe dataare
analyzedfor reductionto simplechemicalmechanismsor searchedfor structures.The bulk of the devel-
opmentof this computationalsingularperturbation(CSP, precursorto simplifying thechemistry)analysis
work will be completedsoon;the modifiedCumulvsMxN componentwill be appliedto provide the input
data.Work on structure-searchingalgorithmswill takefurtherexploration,but at this time theculminating
particle-basedCumulvsMxNcomponentshouldsatisfytheCSPdemands.

2.3.1.b MxN and MCT/Climate

Theclimatecommunityhasvastexperiencein constructingparallelcoupledmodelsfrom individualparallel
models.A prime exampleof this experienceis the DOE-sponsoredModel CouplingToolkit (MCT) [80],
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whichhasbeensupportedby theSciDAC CCSMproject[81]. MCT supportsavarietyof parallelexecution
modesfor parallel coupledmodels,including sequentialparallel coupling (event-loop)and coupling of
asynchronousparallel models(either as a single or multiple executables). This work complementsthe
generalizedMxN technologyby providing thespecificdetailsneededfor couplingclimatecodes.We are
currentlyworking on re-packagingportionsof MCT asCCA components,ultimately targetinga modified
MxN interfacespecification.In themeantime,wewill implementanMxN componentontopof theexisting
MCT infrastructure.

MCT is similar to PAWS in thatMxN transfersareimplementedon a point-to-pointmodelof parallel
datacoupling. MCT providestwo typesof paralleldatatransferschemes.The first type is usedfor par-
allel databetweenconcurrentlyrunningcomponents(that is, eachcomponentresideson its own distinct
poolof processors).Eachcomponentownsacommunicationsschedulercalleda Router, which containsall
necessaryinformationfor theparalleldatatransfer. Theinformationenablesthesourceanddestinationcom-
ponentsto appropriatelypack,send,receive andunpackmessagesfor thedatatransfers.ThesecondMCT
transferschemeinvolvesa paralleldataredistribution operationfor co-locatedSCMD components.In this
scheme,thesendingandreceiving componentsresideon thesamepool of processors,andtheMxN trans-
fer utilizesa communicationsschedulercalleda Rearranger. The Rearrangercomprisesa pair of Routers
(onefor sendoperations,the otherfor receive operations),andsufficient informationto avoid costlyself-
messaging.

Wehave alsobegunwork ona strategy for packagingcomponentmodelsof acoupledclimatemodelas
CCA components.That is, we aim to packageasCCA componentsindividualatmosphere,ocean,sea-ice,
land-surface,andriver-runoff modelsaswell asflux couplers.Thiseffort facesa numberof challenges:(1)
creationof aworkableinterfacebetweenCCA andFortran90,thelanguagein whichnearlyall earthsystem
modelsarewritten; (2) implementationof a componentpackagingschemethatis minimally intrusive;and
(3) designof aschemethatis alsocompatiblewith othermajorcomponentizationefforts suchastheCCSM
project’sModelCouplingToolkit andNASA’sEarthSystemModelingFramework [82].

Stepshave beentakento addressall threeof thechallengesstatedabove. Theeffort to createa Fortran-
friendly interfacehasbeendescribedelsewhere(Section2.4.2.c).A draft schemefor wrappingMCT com-
ponentsto re-castthemasCCA componentsalsoexists.Recentprogresshasbeenmadein bridgingthecon-
ceptualgapbetweenMCT’sprogrammingmodelandESMF’sproposed“Superstructure”(alsodescribedin
Section2.4.2.c).Extensionsto MCT have beenimplementedto follow theESMFSuperstructureclassesof
“Components,” “Gridded Components,” and“Couplers.” In ESMF, a Componentis an objectthat encap-
sulatesall thedatafor a givenmodel(e.g.,anatmosphericgeneralcirculationmodel)asneededto couple
to othermodels. A GriddedComponentis a classencapsulatingall the datausedby a given model, in-
cludingdataneededfor coupling. That is, a GriddedComponentis a classbuilt on top of theComponent
class.A Couplerencapsulatesall thedataneededfor thetransferof databetweentwo sequentiallyrunning
components.New MCT objectsthathave beencreatedto supportthis SCMD approachincludethemct-

Component andmctCoupler classes.An mctComponent , theMCT analoguefor theESMFComponent,
encapsulatesall of a component’s couplingsto theoutsideworld. An mctCoupler is the MCT analogue
for theESMFCoupler, andprovidesfunctionalityabove andbeyondMxN datatransferby alsosupporting
interpolationbetweenphysicalmeshes,aswell astime averaging/accumulationof data.We have beenable
to re-implementtheMCT SCMD unit testerusingthesenew classes.A minor modificationto remove the
extra interpolationfunctionality from the mctCoupler will yield an MCT MxN componentfor the CCA
thatis suitablefor SCMD datacoupling.

2.3.1.c MxN Future Work — Implicit MxN Framework Solutions

While significantprogresshasbeenmadein exploringandimplementinginitial prototypesfor basic“MxN”
paralleldataredistribution,wehavebarelyscratchedthesurfaceof themyriadof specificdataorganizations,
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let alonethepotentialfor moresophisticatedapplicationof this technologysuchasfor modelcouplingtools.
Work must be doneto raisethe level of abstractionfrom the low-level “assemblylanguage”of parallel
dataexchangeto provide moreautomatedand intuitive interfacesandsolutionsfor the typical scientific
programmer.

Our preliminary investigationsof high-level MxN dataredistribution componentsresideat the appli-
cationlevel, above the baseframework. This approachhasthe mostflexibility andprecisesemanticsfor
exertingexplicit controlovervariousredistributionfunctions.Moreover, thisapproachis extensiblebecause
additionalcomponentscanbe independentlydevelopedandinstantiatedasneededwithout modificationof
the framework or thebaseinterfacespecification.Theunderlyingframework implementationis alsosim-
pler andmoregeneral,anddoesnot includeany hard-wiredsolutionsfor paralleldataexchangeor method
invocation. However, the usermusttakeresponsibilityfor understandingandinvoking the necessarydata
redistributionmethods.This favorsmoresophisticatedusersover non-experts.

A relatedapproachinvolvesthe designof low-level framework servicesthat supportimplicit parallel
dataredistribution. This approachhidesmany of thedetailsfrom theuserwith more“automatic”handling,
but increasesthecostin termsof framework complexity andlossof generality. Variouschoicesfor redistri-
bution functionsareregisteredwith theframework atconfigurationtime,or built into individualcomponent
implementations.Thesefunctionsareautomaticallyinvokedwhen parallel datamovementis indicated,
whethertriggeredby parallelcomponentconnectionsor whenparalleldataobjectsarepassedasarguments
to methodinvocations.However, moreburdenis placedoncomponentandframework developersto supply
thenecessaryredistributionhooksandimplementations.

We will explore the developmentof a multiplexer (MUX) servicefor maintainingthe redistribution
interfacesavailable for eachcomponent. The MUX will generaterouting tablesand schedulesfor data
redistribution, andwill handleany remoteparallel dataholder creationanddestruction. The MUX will
intercedeand reconcileparalleldataargumentsagainstthe user’s datalayout at methodinvocationtime.
TheMUX will alsoconvertany resultsof theinvocationbackinto theoriginaldatalayout.

Ultimately, thesetwo MxN approaches(component-basedandframework MUX service)canbe com-
bined given someenhancementsto the basicCCA framework servicesmodel. The implicit framework
servicecould usethe explicit component-basedimplementationsby applyinga new pluggableframework
serviceinterface.This interface,now underdevelopment,allowsacomponentto registerits methodswithin
a framework, sothatcomponentscanusethemwithoutanexplicit portconnection.

2.3.2 Parallel RemoteMethod Invocation

An interfacefor Parallel RemoteMethodInvocation(PRMI) is essentialfor any framework that supports
interactionsamongparallelcomponents.Yetapolicy is requiredto definetheexpectedinvocationbehavior,
especiallyfor partial executionor failures. Methodsmust acceptboth scalarand parallel dataas input
argumentsandreturnvalues.Appropriatesemanticsareneededto interpretsuchuses,e.g.,whetherscalar
methodargumentsarecopiedto everycooperatingthreador sentonly to somedesignatedone.Coordinating
thesynchronizationof invocationsis alsoimportantto avoid potentialpitfalls suchasdeadlock.

In 2001,in collaborationwith KateKeahey (formerlyatLANL, now ANL), PAWStechnologywasused
to build a prototypesystemfor parallel remotemethodinvocation(PRMI). Policy issuesfor PRMI were
identified,suchasinvocationschedulingonremoteprocesses.PRMI wasdemonstratedasacompositionof
MxN transfersfor marshalingparalleldataarguments,allowing invocationsimilarto localmethodcalls(e.g.,
component.foo (A,B ) ). Additionally, the useof multi-function MxN componentswasshown to be a
desirableoptimization,basedon a “flip andMxN” example(flipping dataon onedimensionin conjunction
with a transfer).

Next, in conjunctionwith NSF-fundedresearch,anotherprototypePRMI systemwasdevelopedus-
ing parallel data redistribution. This prototypeprovides semanticssimilar to a methodcall and semi-
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transparentlyredistributesdatabetweenthe calling set of processorsand the callees. Due to the variety
andcomplexity of thepotentialPRMI semanticsandscenarios,this prototypeprovidesjust two basictypes
of parallelRMI semantics:collectiveandindependent. It is ourbelief thatthesetwooptions,combinedwith
anintra-componentprogrammingmodelsuchasPVM [26] or MPI [25], will cover mostof thereasonable
scenarios.

A PRMI call with collectivesemanticsrequiresthat all of the caller processorsparticipatein the call
andensuresthat all “callees” get calledexactly once. This requirementis met via an underlyingPRMI
framework servicethatmanagesexecutionof themethodinvocation,gatheringor scatteringthecontrolflow
asneeded.This schemeworks whethertherearemorecallersthancallees,or vice-versa. The real value
of thesecollective calls is seenwhen coupledwith a redistribution mechanismfor moving parallel data
backandforth in anorganizedmanner. Independentcalls requirelesssynchronizationandmatcha single
call from oneof the caller processesto oneof the calleeprocesses.As such,the underlyingframework
serviceneedonly choose,in somearbitraryandefficient manner, which calleetaskwill processany given
invocationrequest.Thisscenariois amenableto certainparallelclient-serverapplications,whereinmultiple
callee“server” processescanhandlea seriesof independentrequestsfrom a clientcollection.

WehavealsodevelopedanexperimentalextensiontoSIDL thatfacilitatesparallelarrayredistributionby
definingthenatureof thedataexpectedby methodarguments.In additionto theseSIDL modifications,new
methodswerecreatedto exchangedatadistribution informationfrom eachprocessat run time. Combined
with thePRMI functionalityabove,thisprovidesa transparentandflexible mechanismfor exchanginglarge
scientificdatasetsin parallelmethodinvocations.

2.3.2.a PRMI Future Work — Transport Mechanisms

In addition to the ongoingfundamentalresearchinto PRMI interfacesand systemdesign,we will also
explore someunderlyingtransportmechanismsfor generalizingthe actualexchangeof dataarguments.
High-performanceencodingswill beappliedto enableinteroperabilitywith industrysystems.For example,
SOAP is an emerging industrystandardfor interoperableRMI encoding. SOAP encodesremotemethod
invocationsusingXML, andtransportsthemvia genericprotocolssuchasHTTP or SMTP. Unfortunately,
SOAP doesnot efficiently encodelarge blocksof raw data[83]. We will investigateextensionsto SOAP
thataddoptimizationsfor efficient terascaledatatransport.

2.3.3 Distrib uted MxN

While a significantproportionof scientificsimulationswould utilize theparallelSCMD paradigm,a large
bodyof distributedcomputingapplicationscanalsobenefitfrom MxN andPRMI technology. For example,
largedistributedsensornetworkscanproduceanimmenseamountof informationthatmustbecollectedfor
centralprocessing.

Part of IndianaUniversity’scontribution hasbeentheexplorationof a mechanismfor distributedMxN
technology. An initial prototypeusescommunicationbasedon the streamparadigm,wheredatais logi-
cally transferedbetweentheparticipatingcomponentsasif througha streamor a file (althoughthedatais
transferedin parallelandis never explicitly serialized).

Themaindesigngoalfor this systemhasbeento easethemigrationof existing applications(with file-
basedI/O interfaces)into CCA components,forming largermultiphysicssimulations.Using the standard
MPI I/O systemfor exchangingdatain parallelcodesis theanalogto file-basedexchangesin serialcodes.
With minimumchanges,applicationscanusethisvariationof theMxN systemto communicatein realtime
with otherapplications.This approachalsoallows unit testingto beperformedby allowing theapplication
to switchseamlesslybetweenlive MxN I/O andfile I/O for testing.Testshave shown thatthis approachis
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significantlyfasterthaneitherof theusualoptionsfor quickly connectingtwo applicationcodes(writing to
files thatarethenshared,or connectingtherank0 processesfor eachcode)[84].

2.3.3.a Distrib uted MxN Future Work — Full Prototypes

A currenttestprototypeof thistechnologyis basedontheROMIO MPI-I/O implementation[85], whichun-
derliesMPICH andLAM MPI. Integrationwith MPI allowsthesystemto understandany MPI deriveddata
type,a significantadvantageof this approach.We will beconductingscalabilitytestsof this “MxN device”
on recentlyacquiredlargeclusters(two at 200CPUseach).Thecurrentinterfaceto this systemis through
theregularMPI-I/O API, andweareconsideringencapsulatingthis functionalityin a new distributedMxN
componentthatmediatesthedatatransfersbetweentwo MPI programs.Weareconsideringintegratingthis
technologyinto theProteus[86] protocolaswell.

2.3.4 Futur e Research — Model Coupling Technology

Exchangingelementsfrom parallelor distributeddatastructuresis merelythebeginningof truetechnology
for parallelmodelcouplinganddatasharing.Dependingonthenatureof theactualdatastructuresinvolved,
significantdatatranslationscouldbeneededbeyondthesimpleMxN mappingof dataelements.If thesource
anddestinationdatausedifferentmeshesor spatialcoordinaterepresentations,or arecomputedin different
unitsor atdifferenttime frames,thenseveraladditionaldatatranslationandconversioncomponentswill be
requiredto fully transformandsharesemanticallycomparableparalleldata.

A wealthof interpolationandsamplingschemesareavailablefor translatingdataamongdesiredspatial
or temporalformats. Historically, suchschemescarry with theman almostreligiousstigma,andthereis
muchdebateamongscientistson themeritsof oneschemeover another. We will extendour collectionof
interfacespecificationsto includehooksfor supportinggenericdatatransformationsandconversions.Given
sufficient flexibility in theargumentsfor theseinterfaces,a wide rangeof implementationscanbe built to
cover any relevantinterpolationor conversionalgorithm.

To utilize theresultingsequenceof datatransformationsanddataredistributions,a “pipeline” of com-
ponentsmustbeassembled.An importantpragmaticissuethatariseswith suchpipeliningis how efficiently
redistribution functions“compose”with eachother. Techniqueswill be explored to operateon data“in
place” andavoid unnecessarydatacopies. “Super-component”solutionswill alsobe explored for some
commoncasesby combiningseveralsuccessive redistributionandtranslationcomponentsinto a singleop-
timizedcomponent.

2.4 User Outr eachand Applications Integration

Coordinator: David E. Bernholdt(ORNL)

Like the other SciDAC ISICs, the CCTTSScombinestraditional researchwith an explicit effort to
provideproductionquality toolsandtechnologiesfor useby SciDAC applicationsgroupsandby thebroader
scientific computingcommunity. The User OutreachandApplication Integration thrust of the CCTTSS
R&D programis intendedto facilitateadoptionof theCommonComponentArchitecture,to help insurea
feedbackloop betweenCCA adoptersandCCA developers,andto helpusdevelop“bestpractices”for the
useof componentsin large-scalehigh-performancescientificsimulationsoftware.

As describedin moredetailbelow, our outreachwork includesboth generaleducationalactivities and
interactionswith specificgroupsaroundscientificapplicationsin which they want to usethe CCA. Our
educationalefforts include papers,conferencepresentations,tutorials, and relatedactivities designedto
inform thecomputationalscienceandcomputersciencecommunitiesaboutthecomponent-basedsoftware
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engineeringandtheCCA. Ourwork with applicationsgroupsrangesfrom tight collaborations(oftenwhere
atleastoneresearcherhasstrongtiestoboththeCCTTSSandto theapplicationgroup)to looserconsultative
relationships.

2.4.1 Education and GeneralOutr each

2.4.1.a Tutorials

CCA Forum Tutorial Working Group: Rob Armstrong(SNL), David Bernholdt(ORNL, chair), Lori
FreitagDiachin(SNL, previously ANL), WaelElwasif (ORNL), DanKatz (JPL),Jim Kohl (ORNL), Gary
Kumfert(LLNL), Lois CurfmanMcInnes(ANL), BoyanaNorris(ANL), CraigRasmussen(LANL), Jaideep
Ray(SNL), TorstenWilde (ORNL)

Our mostsignificanteffort in the Educationcategory hasbeenthe developmentandpresentationof a
tutorial on theCCA. After presentinga numberof moreor lessoff-the-cuff tutorialsduring theautumnof
2001,we recognizedtheneedfor anorganizedeffort to developa commonbaseof materialthatwe could
shareandpresentin avarietyof contexts.

Building from thefirst multi-presenterCCA tutorial, in conjunctionwith theCCA ForumWinter 2002
meeting,theCCA Forumestablisheda Tutorial Working Group.Throughtheextensiveefforts of Working
Groupmembers,thetutorialhasevolvedinto asetof eightmodulescoveringthephilosophyandbackground
behindthecomponentconceptandtheCCA, how to createandusecomponents(includinglive examples),
andalook athow CCA usersarebuilding scientificapplications.Thetutorialis presentedin eitherasix hour
full-day format, or a condensedfour hour half-dayformat, dependingon the situation. Both the material
andpresentationstyleof thetutorial have evolvedcontinuouslysinceits inception,reflectingtheevolution
of theCCA toolsandour thinking,andin responseto feedbackfrom tutorialattendees,many of whomhave
attendedseveral times. Following a suggestionby Kate Keahey (ANL), an early participantin the CCA
Forum, we typically presenttutorialsin conjunctionwith CCA Forum quarterlymeetings.This approach
givesnewcomersand(prospective)usersachanceto learnmoreabouttheCCA.

In additionto thefive tutorialsat CCA Forummeetingsin 2002-3to date,we have hadtheopportunity
to offer threeadditionaltutorials:9 ACTSCollectionWorkshopatLBNL, September2002,9 LosAlamosComputerScienceInstitute(LACSI)Symposiumin SantaFe,NM, October2002,and9 SC2002in Baltimore,MD, November2002.
The lengthyselectionprocessandvisibility of theSC2002tutorial madethis event theculminationof our
tutorial developmentefforts over theprecedingyear, andwe werevery pleasedwith theresults.

Webelievethatthetutorialsareaveryeffectivewayto reachbeginningusers,andwealsomakethepre-
sentationmaterialsandsoftwareexamplesfrom thetutorialavailableonthehttp://www.cc a- f orum.
org website for self-study. We alsohave a standingoffer to give “customized”tutorialsfor applications
groups,(domain-oriented)conferences,andothervenues,but other thanthe ACTS CollectionWorkshop
andLACSI, we have received no requeststo date(theSC2002tutorial wasundertakenon our own initia-
tive). This reflectsprobablyouronly significantdisappointmentregardingour tutorial efforts to date:thata
relatively smallportionof thepotentialusercommunityhastakenadvantageof them.Thismaybeasimple
matterof communications.While weencourageCCTTSSresearchersin theareaswheretutorialsaretaking
placeto “beat thebushes”amongtheir SciDAC (andother)applicationcontacts,we do not have a simple,
generalway to reachall otherSciDAC PIsof suchevents.
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2.4.1.b Publications,Presentations,and Other Activities

Sinceits inception,Centermembershave publishedmorethan80 presentationsandpapersrelatedto the
project. Thesearecatalogedin AppendixB. AppendixC catalogsadditionaloutreachactivities, including
presentationsand demonstrationsin lessformal venues,suchas the SC conferenceexhibition hall, and
informal interactionswith (prospective) users.This list is certainlyincomplete,dueto the informal nature
of theseevents,andthefact thatwe do not track themsorigorously, but it is a representative subsetof our
activities.

2.4.2 Applications

Although,aspartof theSciDAC program,theCCTTSSis a relatively new effort, we arefortunateto have
beenableto build on theearlierefforts of theCCA Forum,which includedprototypesof many of thetools
we’re developing,andrelatively maturespecificationsfor thecomponentarchitectureitself. Consequently,
thoughthetoolsandeventhespecificationarestill evolving, they aresufficiently matureandstableto allow
usat thisearlystageof theprojectnotonly to talk to applicationsgroupsabouthow to planfor andmigrate
to the CCA, but alsoto work with a numberof early adoptersto produceactualCCA-basedapplications.
Here,wehighlight a few efforts in which CCA integrationis themostadvanced.

Theinvestigatorsarementionedin conjunctionwith eacheffort arethosemostdirectly involvedin the
specificCCA integrationeffort. Clearly all of theseefforts build on extensive contributionsof others,too
numerousto mention,withoutwhomtheseCCA integrationsefforts wouldhavebeenimpossible.

2.4.2.a Computational Facility for ReactingFlow Science

Investigators: SophiaLefantzi(SNL), JaideepRay(SNL), SameerShende(Oregon)

Figure 2.3: Temperaturedis-
tribution 0.395 ms after incep-
tion of heating. The white
lines denotedomaindecomposi-
tion across28 CPUs.

TheComputationalFacility for ReactingFlow Science(CFRFS,PI:
H. Najm,URL: http://cfrfs.ca .sa ndia .gov ) is supportedby
the SciDAC BasicEnergy Sciencesprogram. The projectenvisionsa
computationalfacility for flamesimulationwherecombustionandcom-
putationalresearcherscanimplementphysicalandchemicalmodelsas
well asnumericalalgorithmswith a minimal knowledgeof thesupport-
ing infrastructure.A key figure in the adoptionof CCA in this project
hasbeenJaideepRay (SNL), who receivessupportfrom both CFRFS
and CCTTSS,andhasbeeninvolved with the CCA effort for several
years.

Simulationsof flame-like reaction-diffusion systemswith replace-
ablemodelshave beenmadepossiblethroughthe useof CCA compo-
nentsfor timeintegration,structuredadaptivelyrefinedmeshes(SAMR),
andphysicalmodels.Figure1.2(page3) show the“wiring diagram”for
theCCA-basedapplicationandFigure2.3 shows theevolution of igni-
tion frontsin anigniting H : -Air mixture.

Within four months,CFRFSresearchersincorporateda secondgen-
erationof componentsthat embodyhigheraccuracy andstabilizednu-
mericaltechniquesby replacingjust a few componentsin theapplication.The CCA hasalsobeeninstru-
mentalin facilitatingtheuseof externalsoftware,includingcomponentsfrom theSciDAC PERCandTOPS
Centers(basedon theTAU performancetool andtheCVODESintegrator, respectively).

Forthcomingwork includesdevelopingnew convective physicscapabilitiesaswell asnew SAMR nu-
mericalschemesto achievecompleteflamesimulations.
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2.4.2.b Computational Chemistry

Investigators: SteveBenson(ANL), RonaldDuchovic (Indiana-PurdueFort Wayne),WaelElwasif(ORNL),
CurtisJanssen(SNL), Liz Jurris(PNNL), Manoj Krishnan(PNNL), Lois CurfmanMcInnes(ANL), Jarek
Nieplocha(PNNL), BoyanaNorris (ANL), CraigRasmussem(LANL), JasonSarich(ANL), TheresaWin-
dus(PNNL)

Asnotedin ourproposal,computationalchemistryis fundamentaltoDOE’ssciencemissionandthesize
andcomplexity of softwareandproblemsin thisdomainoffer a particularopportunity. Thesoftwarein this
domainis dominatedby a relatively smallnumberof well-established,large,complex packages,which are
not designedfor easyinteroperability. Two efforts arecurrentlyunderwayin thecomputationalchemistry
areaaimedat demonstratingincreasedinteroperabilitythroughtheCCA.

Themajoreffort is the“ApplicationFocus” in computationalchemistrydescribedin our proposal.The
two applicationfocusprojects(in computationalchemistryandclimatemodeling)weredesigned,in part,to
helpinsurea tight feedbackloop betweenapplicationdevelopersandCCA developersandalsoto examine
issuesaroundtheuseof existing large-scalecodebasesin a CCA environment,includingthedevelopment
andimplementationof commoninterfaces.

Historically, chemistshave tendedto develop fairly monolithic code,with limited useof external li-
braries. Consequently, it canbe difficult for computationalchemistrypackagesto takeadvantageof the
stateof the art in, for example,linear algebraalgorithms,including the optimizationroutinesusedto de-
terminemolecularstructure.At thesametime, the problemsbeingtreatedareincreasinglychallengingto
traditionaloptimizationalgorithms.

Our work to date focuseson the molecularstructureoptimizationcapabilities,which are central to
muchof the sciencedonewith thesecodes.To increaseinteroperabilityandgenerality, we arereplacing
theinternaloptimizationcapabilitiesof two quantumchemistrycodes,NWChem(PNNL) [68] andMPQC
(SNL) [69, 70], with the TAO optimizationpackage(ANL) [66, 67], which is affiliated with the SciDAC
TOPScenter. We have designeda componentinterfacefor the evaluationof the molecularenergy and
gradient,which have beenimplementedin NWChemandMPQC.Througha simpleadapter, this interface
is compatiblewith thecomponentinterfacedesignedfor TAO.Thismakesit possibleto switchthequantum
chemistrypackage(i.e., betweenMPQC and NWChem)in the middle of an optimization– a practical
impossibility in implementationsbuilt using traditionalapproaches.TAO’s linear algebraneedsarealso
expressedthroughacomponentinterface,for which implementationsbasedonbothPETSc(ANL) [44, 45]
andGlobalArrays(PNNL) [49–51]exist. Thecomponentsinvolvedareshown in Figure2.1(page14).

A further benefitof component-basedsoftwareengineeringis alsoclear in this work. The teamsat
ANL, PNNL, andSNL wereableto collaboratein the developmentof a component-basedapplicationby
merelyfocusingon the interfacesandtheir own components,without theneedto work on unfamiliarcode
developedby theothergroups.

Futureplansincludeextendingthe optimizationapplicationto more complex problemssuchaspro-
tein/ligandbindingstudies,andlookingadeeperlevelsof interoperabilitybetweencomputationalchemistry
packages.

Wearealsocollaboratingwith theAdvancedSoftwarefor theCalculationof Thermochemistry, Kinetics,
andDynamicsproject (ASCTKD, PI: Al Wagner),part of the SciDAC BasicEnergy Sciencesprogram,
to develop component-basedsoftwareto studyreactiondynamics. The first stepin this processinvolves
work on POTLIB [87, 88], which providesa library of analyticallymodeledpotentialenergy surfacesfor
numerousreactions.Our work to datehasfocusedon developinga componentinterfaceto POTLIB. The
effort requiredherehasbeenmoresignificantthanfor mostof theotherinterfaceswehavehelpedto design
andimplementbecausetheoriginalPOTLIB interfacewasimplementedin Fortranandmakesextensiveuse
of globally-visible commonblocks,a techniquethat goesagainstthe basicconceptsof component-based
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softwareengineering.Nevertheless,work is proceeding.
Component-relatedwork in theASCTKD effort is beingcarriedout primarily within theprojectitself,

with a numberof CCTTSSresearchersactingin primarily consultative andeducationalroles. In keeping
with its being a CCTTSSApplication Focus, the optimizationeffort is being carriedpredominantlyby
CCTTSS-fundedresearchers,with additionalcontributionsto theTAO sideof theeffort from theSciDAC
TOPScenter.

2.4.2.c Climate Modeling

Investigators: JohnDrake(ORNL), Wael Elwasif (ORNL), Michael Ham (ORNL), JayLarson(ANL),
EverestOng(ANL)

Computationalclimatemodelingis critically importantfor our understandingof global processesand
the potentialfor humanimpact. CCTTSSis collaboratingwith two major climatemodelingefforts in a
two-wayexchange.TheCommunityClimateSystemModel (CCSM)[81] is amajornationaleffort in high-
endparallelclimatemodeling,supportedby theSciDAC Biological andEnvironmentalResearchprogram
andothersponsors.The EarthSystemModelingFramework (ESMF) [82] is a NASA-sponsoredeffort to
developasoftwareframework to supportandfacilitatethefuturedevelopmentof climatemodelingsoftware,
promotingreuseaninteroperabilitywithin thecommunity. Like thecomputationalchemistryeffort, climate
modelingwasidentifiedin our proposalasanApplicationFocuswithin CCTTSS,meaningthat theCenter
usessomeof its fundingto advancetheuseof componentsin thisarea.Ouremphasison thesetwo projects
is dueto specialopportunitiesthatthey present:a two-wayexchangeof informationandsoftwarefor model
couplingwith the CCSM, andthe timelinessof NASA’s commissioningof a domain-specificframework,
which is clearlya candidatefor useof component-basedsoftwareengineering.

As with the CFRFSeffort, our work in theclimatecommunityis anchoredby researcherswith ties to
two or all threeof thegroupsinvolved:JayLarson(ANL) is associatedwith CCSM,CCTTSS,andESMF;
MichaelHam(ORNL) is associatedwith bothCCSMandCCTTSS.

TheCCSMoffersseveraldifferentlevelsof granularityfor the introductionof components.They can
beusedto link togethermodels(i.e., atmosphere,ocean,etc.),at theparameterizationlevel within models,
andat thealgorithmiclevel. Theorderin which thesearelistedreflectstheorderin which weanticipatethe
traditionallyconservative climatecommunitywill acceptintroductionof this new softwareparadigm.Our
collaborationwith theCCSMinvolvesinteractionsat all threelevels.
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Figure 2.4: The general architectureof the Model Coupling
Toolkit andits relationshipto thecomputationalenvironment(sup-
portinglibrariesandtheapplicationusingMCT).

At boththecoarsestandfinestlev-
els, the work focuseson the DOE-
sponsored Model Coupling Toolkit
(MCT, ANL, Figure 2.4) [80]. This
toolkit embodies the climate com-
munity’s experiencewith constructing
parallel coupledclimate modelsfrom
individual parallel models, which is
valuableto theCCTTSSeffort in MxN
Parallel Data Redistribution to sup-
port generalizedmodel coupling. Jay
Larsonandothersassociatedwith the
MCT have alreadybeenactive in the
initial CCTTSSMxN developmentef-
forts,andweplanadeeperexchangeof experienceandtoolsasMCT-basedcomponentsaredeveloped.This
componentizationwork is alreadyunderway, with aninitial focusonthebasicdatatypesandcomputational
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toolsrequiredto createsimplecouplers.
At thealgorithmiclevel, theCCA hasthepotentialof acceleratingthedevelopmentprocessof individual

climatephysicsparameterizationcomponentsanddynamicalcorecomponents.As a first demonstrationof
thispotential,wearedevelopinganew riverrunoff modelbuilt primarily from CCA componentsfor matrix-
vectormultiplicationderivedfrom theMCT.

At the physicsparameterizationlevel, we envision two major applications:(1) componentizationof
majorsoftwareentitiesin models,and(2) componentizationof individualsubgridscalephysicsparameteri-
zationpackages.In conjunctionwith aCCSMinternaleffort to refactortheCommunityAtmosphereModel
(CAM) to betterseparatethe “physics” and“dynamics”aspectsof themodel,we areinvestigatingcasting
themasCCA components.Castingthesemajor portionsof CAM ascomponentswould allow oneto re-
placethedynamicalcoreof theCAM with anew onewith relativeease.At theindividualparameterization
packagescale,we envision componentizingthe individual schemes(e.g.,cumulusparameterization)that
collectively comprisethemodel’s physics.Successin theseefforts could have a profoundimpacton how
modeldevelopmentis doneby speedingup thevalidationprocessof dynamicalcoresandphysicsparame-
terizations.It could alsochangedramaticallythe reportingof progressin theseareasif scientistsnot only
publishtheir results,but publishtheir softwareasCCA components.
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Figure2.5: Thegeneralarchitectureof the Earth
System Modeling Framework. A functional
breakdown isshownontheleft, while theESMF’s
terminology is shown on the right. The ESMF
thinks of the “User Code” aspluggablecompo-
nents,while they provide the superstructureand
infrastructure.

TheESMFis primarily a projectto developa stan-
dardized computationalinfrastructureupon which a
wide rangeof climatemodelsand relatedtools might
be implemented(seeFigure2.5). TheCCSMis oneof
themany climateefforts expectedto adopttheESMF’s
tools. While the ESMF’s own terminologytreatsthe
climatemodelsas“components”which plug into a rel-
atively heavy-weight “framework” or “infrastructure,”
it is quite logical to envision from a CCA viewpoint
that the framework itself, and the controlling “super-
structure,” in additionto theclimatemodelsthemselves,
couldbe implementedas(collectionsof) CCA compo-
nents.Our work with theESMFis focusedfirst on in-
suringcompatibilitywith CCAconceptsandtoolsasthe
ESMFstrivesto meetveryspecificsoftwaremilestones
on a tight three-yeartimeline. We arealsocollaborat-
ing to producepracticaldemonstrationsof CCA-based
versionsof elementsof theESMFinfrastructure.These
includethe basic“field” datatype, which will be used
in theCCSMCAM componentizationeffort, coupling-
relatedcapabilities(theESMFcouplingfacility will bederivedfrom MCT), andthe“superstructure”which
orchestratescoupledcomputations.

It is importanttoacknowledgethatourprogresswith theclimatecommunityhasbeenslowedby thelack
of supportwithin CCA for Fortran90(andsuccessorstandards).This wasthefirst communitywe encoun-
teredwith botha seriousinterestin theCCA and“serious”useof F90 features.As such,our interactions
with themhave beeninstrumentalin reshapingthe Center’s approachto F90 support(seeSection2.1.2).
Progresswith both Babeland Chasmhasrecentlymadeit feasibleto begin seriouswork on the efforts
describedabove. Chasmhasalsobeeninstrumentalin helpingto developa strategy for componentization
that is minimally intrusive on existing Fortran code– anotherimportantconsiderationfor acceptanceof
component-basedsoftwareengineeringin thisfield.
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2.4.3 Futur e Plans

2.4.3.a Education and GeneralOutreach

We believe that the developmentof the tutorial wasa critical andvery successfulelementfor our early
outreachefforts. We do plan to continueto evolve the tutorial, and to presentit wherever opportunities
arise. In order to try to reacha broaderaudience,we plan to target moreconferences,andwe will also
investigatemakingtutorial presentationsvia theAccessGrid. However, overall, thetutorialwill bereduced
in importanceasweshift ourattentionto otherimportantoutreachareas.

Our next “Education” focusareawill be on written documents,both documentationrelating to CCA
toolsandtheir use(includingdocumenting“bestpractices”)andtechnicalpapersdescribingCCA research.
Oneof ourfirst prioritieswill beageneralCCA overview paperto updatethe1999HPDCpaper[1], which
is now ratherdated.With respectto documentationof CCA toolsandtechniques,our first priority will be
to develop a written complementto the tutorial, a kind of “beginner’s guide” to writing andusing CCA
components.

2.4.3.b Applications

A significantnumberof applicationgroupshave expressedtheir intent to adopttheCCA but have not yet
progressedmuch beyond initial discussionsand planning. Consideringthat the CCA effort is still in a
relatively early stage,andthatmany prospective usershave hadto makea significantinitial investmentin
organizingtheirefforts internallyandwerenotreadyto takeonsignificantnew softwaretechnology, wefind
thecurrentsituationneithersurprisingnor troubling.

At the sametime, we have anecdotalevidencethat the CommonComponentArchitectureis gaining
recognitionanduse,andamongouroutreachactivitiesarepresentationsto or meetingswith quiteanumber
of prospective CCA users.In addition,we have alwaysexpectedthat theprimarydriver for CCA adoption
for many groupswill be theplansof theSciDAC Applied Math ISICs,with whomwe collaborateclosely
(seeSection2.2.3.c),to deploytheir toolsin CCA form.

We believe that theinitial successwith applicationsin combustionandchemistry, aswell asthedevel-
opingclimateeffort, will beimportantfactorsin helpingto convinceotherapplicationgroupsthattheCCA
is readyfor “serious”use. Consequently, in thecomingyear, we expectto seea changein the numberof
applicationsactuallycreatingCCA components,aswell asa changein the dominantmodeof interaction
with thesegroups,leaningtowardmoreof aconsultativeapproach.



3. Deliverables

The following four tablesare reviseddeliverableschedulesthat directly correspondto four tablesin our
original proposal[15, pp. 23–25]. The columnheadingswerechangedto avoid confusion. The original
proposalhadcolumnheadingsof ’01–’05, but SciDAC fundingandeffort did not begin until July, 2001.

Table3.1: Frameworks Deliverables.
July2002 July2003 July2004 July2005 July2006

Completecandidate
SCMDimplementation
(SNL)

AdaptstrictSCMD
conceptsto more
generalschemefor HPC
(SNL)

Improve dynamicuser
interactionof SCMD
framework (SNL)

Iterateondesign&
improve peruser
requirements(SNL)

Iterateon design&
improve peruser
requirements(SNL)

Completecandidate
distributedcomputing
CCA runtime(IU)

IntegrateMicrosoft
.NET components;
releaseinitial library of
Grid Service
components(IU)

Releasebetaversionof
integratedframework to
applicationteams(IU,
SNL)

Releasefinal public
versionof integrated
framework (IU,SNL)

DevelopXML schema
for accessto Alexandria
repository(LLNL, SNL,
IU)

Add supportfor remote
accessby component
framework toolsto
Alexandriarepository

DeployAlexandria
componentrepository&
assistcollaboratorswith
integratingcomponents

Add Python&
client-sideJavato
Babel(LLNL)

OpenBabel& Add
Fortran90(PhaseI) to
Babel(LLNL)

Add server-sideJavato
Babel,continue
Fortran90improvements
(LLNL)

Add MATLAB to Babel,
continueFortran90
improvements(LLNL)

Add Babelsupportfor
COM & .NET for
Windows(LLNL)

Completebasic
concurrency standard&
implementation(all)

Evolve concurrency
designperuserrequests

Evolve concurrency
designperuserrequests

Evolve concurrency
designperuserrequests

Developa distributed
multiplexer & XML
protocolprototype(IU,
LLNL, SNL)

IterateonSCMD/Grid
multiplexer peruser
requirements(IU, SNL)

Notes: LLNL teamdeferredadditionalserver-sideJava andAlexandriaeffort to concentrateon For-
tran90.Fortransupportin generalhasbecomethetop priority for Babel.
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Table3.2: ScientificComponentsDeliverables.
July2002 July2003 July2004 July2005 July2006

Evaluateapplication
requirements(all)

Deployprototypes,
evaluate& refinewith
appsfeedback(all)

Evaluate,refine,&
extendcomponents;
offer tutorials(all)

Evaluate,refine,&
extendcomponents;
offer tutorials(all)

Evaluate,refine,&
extendcomponents;
offer tutorials(all)

Developprototype
componentsfor 2D/3D
visualization(ORNL)

Deployprototype
2D/3Dvisualization
componentsasLinux
RPMs(ORNL)

Constructanddeploy
SIDL-based2D/3D
visualization
components(ORNL)

Createextendedviz
componentsfor simple
parallelrendering
(ORNL)

Extendviz supportto
desktop(ORNL, UU)

Developprototype
computationalsteering
components(ORNL)

Deployprototype
computationalsteering
componentsasLinux
RPMs

Add port fault
notification& hooks
into SCMD event
service(ORNL, SNL)

Developprelim SCMD
fault monitoring&
recoverycomponent
(ORNL, SNL)

Developprototypesfor
GUI components(ANL,
UU)

Developprototypesfor
loadredistribution and
multi-threading
components(SNL)

UseGUI components
for viz & numerical
computations(ANL,
ORNL, UU)

Useloadredistribution
andmulti-threading
componentsin chem
apps(SNL, PNNL)

Developprototype
componentsfor linear&
nonlinearsolvers,
optimization,&
low-level services
(ANL, IU, with TOPS
ISIC)

Defineinterfaces
betweenMPQC,
NWChem,& TAO
(ANL, PNNL, SNL);
developprototype
componentfactoryfor
Jacobians/Hessians
(ANL)

Investigateapp-specific
componentsin
optimization(ANL,
PNNL, SNL); develop
modelsfor composing
QoScharacteristics
(ANL)

Developinterfacesfor
multilevel nonlinear
solvers(ANL, with
TOPScenter);integrate
QoSsysteminto
repository(ANL,
LLNL)

Evaluatecomponents
usingQoSmechanisms
in variousapps(ANL,
PNNL, SNL)

Defineinterfacesfor
local raw data,distrib. &
densearrays,meshes&
fields(ANL, ORNL,
PNNL, SNL)

Defineinterfacesfor
sparsearrays& global
ops;releasepreliminary
specfor scientificdata
component(ANL,
ORNL, PNNL, SNL)

Defineinterfacesfor app
controlof mesh
modifications(ANL,
ORNL, PNNL, SNL,
with TSTT ISIC)

Circulatenew data
specs;deploy
componentssupporting
adaptivity (ANL,
ORNL, PNNL, SNL,
with TSTTISIC)

Add supportfor hybrid
schemes(ANL, ORNL,
PNNL, SNL, with TSTT
ISIC)

Developprototype
SAMR component(SN)

DeploySAMR
componentin
combustionapp(SNL)

Performinitial
high-fidelity3D
combustionrunsusing
SAMR component
(SNL)

TestSAMR component
wth complex flame
simulation(SNL)

Notes: Becauseof emphasiswithin theCCTTSSon promotingcommoninterfacesfor numericaland
applicationdomains,thescientificcomponentseffort will concentrateon this work, therebyputtingoff de-
velopmentof multithreadedcomponentsto year2, anddelayingthedatainterfacebrokerwork indefinitely.
A CCA-compliantprototypeGUI componenthasalsobeendevelopedatANL thatwill functionin all CCA
frameworks.
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Table3.3: Parallel Data Redistribution Deliverables.
July2002 July2003 July2004 July2005 July2006

DevelopprototypeMxN
componentfor
structuredmeshesbased
on CUMULVS (ORNL,
SNL)

DeployprototypeMxN
componentsasLinux
RPMs(ORNL)

Constructanddeploy
SIDL-basedMxN
components(ORNL)

Developgeneralized
MxN paralleldata
exchangecomponent
(ORNL)

Developpreliminary
datatranslationand
interpolation
componentsfor model
coupling(ORNL, SNL)

DevelopprototypeMxN
componentfor
structuredmeshesbased
on PAWS(LANL)

Developanddeploy
particle-basedMxN
components(ORNL)

IntegrateARMCI into
MxN paralleldata
exchangecomponent
(ORNL, PNNL)

Experimentwith
optimizedcomposite
dataredistribution
components(ORNL)

Investigatepreliminary
programmingmodels
for PRMI (LANL,
LLNL, UU)

InvestigateSOAP
performanceissues&
improve performance
for dataredistribution
(IU)

Add RMI to Babel
(LLNL, IU)

Add PRMI to Babel
language
interoperabilitytool
(LLNL, IU, UU)

ExtendPRMI systemto
supportparalleldata
arguments(LLNL, IU,
UU)

Notes: BecauseMxN developmenthascenteredon incorporatingBabelinto theexisting components,
we have deferredwork on betterrespondingto userrequests,fault tolerance,ARMCI, andvisualization
extensionsfor MxN. TheMCT will becontributing MxN functionality to theCCSMbecauseit alsoforms
a majorcomponentof theESMF, animportantinitiativein theclimatecommunity.

Table3.4: Application Integration Deliverables.
July2002 July2003 July2004 July2005 July2006

Liaison(especially
educationandneeds
assessment)with outside
projects(ORNL lead)

On-goingliaisonwork
with outsideprojects
(ORNL lead,all
participate)

On-goingliaisonwork
with outsideprojects
(ORNL lead,all
participate)

On-goingliaisonwork
with outsideprojects
(ORNL lead,all
participate)

On-goingliaisonwork
with outsideprojects
(ORNL lead,all
participate)

Defineprototype
molecularenergy
interface(ORNL,
PNNL, SNL); develop
molecularenergy
componentadaptersfor
MPQC(SNL) and
NWChem(PNNL)

Extendmolecular
energy interface&
updatecomponent
adaptors(ORNL,
PNNL, SNL);
demonstrateintegrated
TAO/electronicstructure
app(ANL, PNNL, SNL)

Defineprotein/ligand
bindinginterface(SNL)

Developand
demonstrate
one-electronproperty
interface(PNNL, SNL)

Developand
demonstratesolvation
interface(Ames,PNNL,
SNL)

Developprototype
DIRDY interface
(PNNL)

Demonstrateintegrated
DIRDY / electronic
structureapp(PNNL)

Demonstrateadvanced
kineticsapplication
(ANL, PNNL, SNL)

Work with data
componentsandMxN
redistribution groupsto
producestandard
interfaces(ANL,
ORNL)

PackageMCT MxN asa
CCA component;
examineinteroperability
betweenMCT andother
MxN implementations
(ANL, ORNL)

Demonstrate
component-basedand
atmospheremodels
(ANL, ORNL)

Evaluateandtune
CCA-MCT andMxN
components;expand
CCA beyondCAM,
MCT (e.g.,model
diagnostics,data
assimilation)(ANL,
ORNL)

Demonstrationof
CCA-basedcoupled
climatemodel(ANL,
ORNL)

Notes:Thetimelineandspecificsof theclimateactivity have beenadjustedto reflecta laterstartdueto
F90issuesandchangeswithin theCCSMandESMFprojectswith whomwe arecollaborating.



4. Closing Perspective

The CCTTSSis basedintentionallyon the work begunandongoingin the CCA Forum andis devotedto
makinghigh-performancecomponentsa reality. Within the center, investigatorinteractionsarecentered
aroundtheopensourcesoftwaredevelopmentmodelthathasbeensosuccessfulin theLinux community.
This approachis a constantthat will not change.Almost everythingelseis flexible, andasinvestigators
run into blocksor have burstsof insight,coursecorrectionswill bemade.Fromanoverall perspective, the
largestchangesinceinstituting the CCTTSSasa SciDAC centerhasbeena movementfrom components
astheory, to plug-and-playsoftwarethatapplicationbuildersuse.Every coursecorrectionhasbeengeared
to delivering tools, education,anddirectly helpingSciDAC investigatorsoutsidethe CCTTSStransition
into the high-performancecomponentworld. Even the researchwork hasbecomecenteredon making
componentsmorepainless,automatic,andmoreinteroperable.

A few examplesarein order. Babelbeganasa LLNL-only teamwith an implementationandsomein-
houseusers.As Babelgainedacceptance,it alsobecamepartof many collaborators’critical paths.As more
peoplewantedto contributeto theseideasatmany levels,wesoughtwaysfor Babeldevelopmentto become
moreparticipative.This forcedsomehardthinkingaboutwhatis essentialfor interoperability, andwhatis a
matterof taste.As it developed,thetriumvirateof theSIDL grammar, its XML equivalent,andtheC-based
IntermediateObjectRepresentation(IOR)wasdeterminedto betheirreduciblecoreof Babel;amodification
in onecommonlycascadeschangesto all. FromthatCorecamethenotionsof BabelExtensionsandBabel
Dialects. Extensionsare “plug ins” that augmentBabel without violating its interoperabilityguarantee.
All of Babel’s existing languagebindingsare, from this perspective, extensions. Babel Dialects,while
sometimesnecessaryfor exploratoryresearch,modify theBabelcoreandthereforecall interoperabilityinto
question.Similarly, thoughlessdramatically, the MxN effort, initially begun primarily asa visualization
tool, hasmovedtowarda moregeneralpurposetool asa high-performancecomponent.More recentlythe
MxN effort hasturnedtowardclimateuserswith theModel CouplingToolkit asa sortof MxN component
speciallycraftedtowardclimateapplicationsin general,andtheCommunityClimateModel in particular.
Thesearejustsamplesof atrendin theCCTTSSto usegoodcomputerscienceto enableamoreparticipative
communityin high-performancecomputing.

While the CCA and CCTTSSare driven by “what works,” seriousresearchin computerscienceis
broughtto bearon theseproblems.Certainlywork hasbecomemorepragmaticin responseto the needs,
especiallythe educationalneeds,of real users. But simultaneouslywork hasbecomemoreesoteric. As
CCTTSSinvestigatorsstretchtheir ideasto suit users’problems,seriousthinking and rethinking of the
basisof theirwork is required.As aresult,themostnovel approachesto thesolutionof theseproblemshave
occurredin the last year. Therearenumerousexamples,includingChasm[10], OpenBabel[39], andthe
ideaof theCCA designpatternasseparatefrom thespecification[24]. Re-inventinghow high-performance
softwareis donerequiresboth pragmaticinfrastructureandinventive ideas.TheCCTTSSis rising to this
challengeandis dedicatedto remakingtheworld of high-performancecomputingfrom thefeudalmonarchy
of codefiefdomsto a laissez-faireeconomyof high-performancecomponents.
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A. ComponentInventory

This sectionincludesa representative list of componentsthat have beendemonstratedat SC2002andare
partof our currentRPM distribution(seeSections2.1.3and2.2.2for furtherinformation).

A.1 Utilities and Servicesin Ccaffeine

Investigators:B. Allan, R. Armstrong,M. Govindaraju,S.Lefantzi,andE. Walsh(SNL)
The CCA specificationtreatsframework servicesexactly like CCA componentsexcept that the port

that embodiesthe serviceis alwaysconnectedto the component.A numberof suchserviceshave been
addedto the Ccaffeine framework during the pastyear. A parameterport serviceis the mostcommonly
usedandallowscomponentsto have parametersseton theminteractively by a user. Anotherserviceallows
the connectionof the original Classicports to Babel components,therebyaccommodatinglegacy CCA
software. Therearealso a variety of utility servicesthat permit a componentto accessMPI, to receive
connectionevents,andto establishits own interactivewindow with a user.

A.2 Data Management,Meshing,and Discretization

Global Arrays. ManojkumarKrishnanandJarekNieplocha(PNNL). Many scientificapplicationsrely on
densedistributedarrays.TheGlobalArray (GA) library [49, 50], providesanextensivesetof operationson
multidimensionaldensedistributedarrays.A ratheruniquecapability is the supportin GA for theshared
memoryprogrammingmodel,wherearrayscanbeaccessedasif they werelocatedin sharedmemory. We
developeda GlobalArray componentthatprovidesinterfacesto full capabilitiesof GA andimplements
the interfacesfor distributed arraysunderdevelopmentthe CCA Scientific Data Working Group. This
componentsupportsboth classicand SIDL interfacesand provides two ports: GlobalArrayPort and
DADFPort . GlobalArrayPort offers interfacesfor creatingandaccessingdistributedarrays,including
linear algebraoperations.Someof the linear algebraoperationsare implementedinternally and through
interfacesto third-partyparallellinearalgebralibrariessuchScaLAPACK [89]. DADFPort offersinterfaces
for definingandqueryingarraydistribution templatesanddistributedarraydescriptorsfollowing the API
proposedthe CCA Forum DistributedDataWorking Group. The GlobalArray componentis currently
usedin applicationsinvolving moleculardynamicsandmolecularshapeoptimization.

TSTTMeshQuery. Lori FreitagDiachin(SNL, formerly ANL). Thisclassiccomponentis a prototypeof
anunstructured,triangularmeshcomponentthatsupportstheTSTT meshqueryinterface[12] for accessto
nodeandelementgeometryandtopologyinformation;opaquetagssupportuser-defineddata;furtherinfor-
mationis in [90]. This interfaceis sufficient to implementlinear, finite-elementdiscretizationfor diffusion
PDEoperators.TheTSTTMeshQuery componentis currentlyusedin theCCA tutorial to demonstratethe
constructionof aPDE-basedapplicationusingCCA components.Thiscomponentwill beexpandedto sev-
eralTSTT-compliantmeshcomponentsbuilt from existing DOE softwarethatsupporta wide rangeof two
andthree-dimensionalmeshes.Suchcomponentswill beusedto demonstratetheutility of interchangeable
andinteroperablemeshinginfrastructuresin thesolutionof PDE-basedapplications.

FEMDiscretization. Lori FreitagDiachin (SNL, formerly ANL). This classiccomponentprovides lin-
ear, finite-elementdiscretizationsfor commonlyusedPDEoperatorsandboundaryconditions.It currently
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employsunstructuredtriangularmeshesthroughtheTSTTMeshQuery componentandprovidesmatrixand
vectorassemblyroutinesto createlinearsystemsof equationsin simplePDE-basedapplications;see[90]
for details.TheFEMDiscretization componentapproximatesadvectionanddiffusionoperatorsaswell
asDirichlet andNeumannboundaryconditionswith eitherexact or Gaussianquadrature.Thecomponent
is currently usedin the CCA tutorial to demonstratethe constructionof a PDE-basedapplicationusing
CCA components.ThiscomponentusestheTSTTMeshQuery andLinearSolver ports.This interfaceis
expectedto evolve asthe TSTT discretizationlibrary is developed,andthis prototypecomponentwill be
replacedwith a moresophisticatedvariantthat supportsmultiple discretizationschemesandmeshtypes.
Suchcomponentswill usedto demonstratethe utility of interchangeableand interoperablediscretization
strategiesin thesolutionof PDE-basedapplications.

GrACEComponent. JaideepRay (SNL). This classiccomponentdiscretizesa domainwith a SAMR
meshandimplementsregriding to preserve resolutionandload-balancethemesh.As a wrapperaroundthe
GrACE library [63] developedby M. Parasharof RutgersUniversity, GrACEComponent takescareof all
the geometricaspectsof the mesh(sizeandlocationof patches,their resizingdueto regriding, andtheir
placementon processesfor load-balancing).This componentalsoservesasa factory for a “Data Object”
thatcontainsdataon all thepatches.Thedataobjecttakescareof messagepassingfor ghostcell updates.
Thiscomponentis usedin CFRFSapplicationsandwill continueto evolve to incorporatethelatestGrACE
features.

HODiffusion and SpatialInterpolations. ChristopherKennedyandJaideepRay (SNL). Theseclassic
componentsusean underlyingFortran77library developedby C. Kennedythat implementshigher-order
(orders2 – 8) finite differencestencils,includingbothfirst andsecondderivatives.HODiffusion supports
both symmetricandskewed stencilsfor collocatedandstaggeredoutputandcalculateshigherorderdif-
fusion fluxesusingthesestencils. The SpatialInterpolations componentsuppliesthe prolongation
andrestrictionoperatorsbetweenSAMR patchesat two adjacentlevelsof refinement,wherethe orderof
interpolationhasto becommensuratewith thespatialdiscretizationin HODiffusion . Thesecomponents
currently handlediffusion transportsubassemblyin CFRFSapplications;future plansinclude continued
testingonhierarchicalgrids.

A.3 Integration, Optimization, and Linear Algebra

CvodesComponent. RaduSerban(LLNL, collaboratorin TOPSSciDAC Center). This classiccompo-
nentincludesportsbothfor a genericimplicit ODE integrator(OdeSolverPort ) andfor animplicit ODE
integratorwith sensitivity capabilities(OdeSolverSPort ). CvodesComponent is basedonCVODES[64]
andis usedfor chemistryintegrationin CFRFSapplications.

TAOSolver. SteveBenson,Lois McInnes,BoyanaNorris,andJasonSarich(ANL). ThisSIDL component
implementsa simpleOptimizationSolver interfacefor unconstrainedandboundconstrainedoptimiza-
tion problems;see[90] for details. The underlyingoptimizationsolversareprovided by the Toolkit for
AdvancedOptimization[66, 67] andincludeNewton-basedmethodsaswell aslimited-memoryvariable-
metric algorithmsthat requireonly an objective valueandfirst orderderivative information. TaoSolver

employsexternalcomponentsfor parallel linear algebra,wherecurrentsupportincludesboth Global Ar-
raysandPETSc.TaoSolver is usedwithin applicationsinvolving moleculargeometryoptimizationand
moleculardynamics,which arefurtherdiscussedin Sections2.2.3. TaoSolver is the basisfor an evolv-
ing optimizationsolver componentthatwill employlinearalgebrainterfacesunderdevelopmentwithin the
TOPSSciDAC center.
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LinearSolver. BoyanaNorris (ANL). This classiccomponentprovidesa prototypeport for the solution
of linearsystems.Theseinterfacesarein theprocessof evolving to supportcommoninterfacesfor linear
algebrathatareunderdevelopmentwithin theTOPSSciDAC Center. Futurework will includetransitioning
this component,aswell asotherssuchasTaoSolver andFEMDiscretization , to usethe new TOPS
interfaces,so that they caneasilybenefitfrom the full suiteof linearalgebrasoftwareavailablewithin the
TOPS.

A.4 Parallel Data Description, Redistribution, and Visualization

DistArrayDescriptorF actory. David BernholdtandWaelElwasif (ORNL). This classiccomponentpro-
videsauniformmeansfor applicationsto describedensemulti-dimensionalarraysandis baseduponemerg-
ing interfacesfrom theCCA ScientificDataComponentsWorkingGroup,asdiscussedin Section2.2.1.a.

CumulvsMxN. JimKohl, David BernholdtandTorstenWilde (ORNL). Thisclassiccomponentbuildson
CUMULVS [59,60] technologyto provideaninitial implementationof theMxN paralleldataredistribution
interfacesthat are underdevelopmentby the CCA MxN Working Group. CumulvsMxN is designedto
spanmultiple CCA frameworksandto passdatabetweentwo distinctparallelcomponentapplications.See
Section2.3for furtherinformation.

ParticleCollectionFactory. JaideepRay(SNL) andJimKohl (ORNL).Thisclassiccomponentis aproto-
typefor doingMxN paralleldataredistributiononcombustiondatafor usein post-processingin theCFRFS
combustionapplications.The ParticleCollectionFactory component“fakes” a patchon a SAMR
grid asa “particle,” which canthenbeemployedfor dataredistribution andpost-processing.Futureplans
includeincreasingtherobustnessof thecodeandusingit in off-machine,concurrentpost-processing.

VizProxy Jim Kohl and TorstenWilde (ORNL). This classiccomponentprovides a companionMxN
endpointfor extractingparalleldatafrom component-basedapplicationsandthenpassingthis datato an
external front-endviewer for interactive graphicalrenderingand exploration. Variantsprovide general-
purposecomponentsfor interactivevisualizationof databasedonstructuredmeshesaswell asunstructured
triangularmeshes;supportfor particle-baseddatais underdevelopment. Using the CUMULVS viewer
library andprotocols,a varietyof commercialandpublic domainvisualizationtoolscanbeutilized at the
front-enduserinterface[91, 92]. Currentlyprovided front-endsincludea simple2D “slicer” viewer and
a 3D viewer for AVS 5; additionalviewersareunderdevelopmentfor VTK, AVS/ExpressandtheCAVE.
VizProxy hasbeenemployedin variousCCA applicationsdemonstratedatSC2001andSC2002.

A.5 Graphical Builders and PerformanceEvaluation

GraphicalBuilder. BoyanaNorris (ANL) andSteve Parker(Universityof Utah).We have developedtwo
complementaryprototypegraphicalbuildersthatcanbeusedto assemblecomponents,setparameters,exe-
cute,andmonitorcomponent-basedsimulations.Theseprototypeshave exploreddifferentfacetsof builder
functionality:onebuilderusesXML-basedcomponentmeta-datato provideaframework-independentcom-
ponentdescriptionandtheability to specifyanumberof querytypesfor componentrepositorysearches;the
otherbuilderemphasizescompatibilitywith othercomponentmodels.Theseimplementationshavedrivena
fine-tuningof theCCA specificationto makethis interactionmoreefficient. Graphicalbuilders,alsocalled
visualprogramminginterfaces,arevery usefulfor many applications,especiallywhenthey arein thepro-
totyping phase.The userinterfaceallows convenientaccessto componentparameters,suchastolerances
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anderror criteria, which would typically be selectedin “what if?” prototypingscenariosandthenhard-
codedfor typical batchruns. As a result,theCCA builder protocolis designedto run with or without the
graphicalinterface.Futurework includesworking towarda standardway of specifyinga userinterfaceto
a component.This will allow componentwritersto specifyparametersthatthey wish to exposeto theuser,
but will not requirethat they explicitly programuserinterfacesusinga specifictoolkit. This approachwill
simultaneouslylower theburdenon the componentdeveloper, andincreasetheportability of the resulting
system.It is expectedthatthefeaturesof thesetwo systemswill mergeatsomepoint in thefuture.

Performance. SameerShendeandAllen Malony (Universityof Oregon),CraigRasmussenandMatt Sot-
tile (LANL), andJaideepRay (SNL). The TAU (Tuning andAnalysisUtilities) performanceobservation
componentprovides measurementcapabilitiesto components,therebyaiding in the selectionof compo-
nentsandhelping to createperformanceaware intelligent components;see[93] for further details. This
componentis currentlyusedin CFRFScombustionapplications,andfutureplansincludeincorporationinto
a varietyof othersimulations,includingthemoleculargeometryoptimizationapplication,to provide com-
prehensiveinter- andintra-componentperformanceinstrumentation,measurementandanalysiscapabilities.
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[1] CraigRasmussen,Planningfor componentsworkshop,LosAlamosComputerScienceInstitute,to be
heldatLANL, Los Alamos,New Mexico, April, 2003.

[2] Craig Rasmussen,Working meetingwith KenKennedyat RiceUniversity to begin collaborationon
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[31] Don Middleton andDavid Bernholdt, Discussionof useof CCA in the SciDAC EarthSystemGrid
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[37] Component-BasedSoftwareDevelopmentin High PerformanceComputing, ”Birds of a Feather”
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(Utah),Alan Sussman(Maryland).
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[40] David E. Bernholdt, Initial discussionswith ORNL fusion researchersrepresentingan ORNL-led
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[41] ScottKohn,GaryKumfert,RobArmstrong,andDennisGannon,Workshopon Object-Orientedand
ComponentTechnologiesfor ScientificComputing,2001,3 dayworkshop.


